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1: SUMMARY OF DEVELOPMENT OF RECOVERY METHODS 

Microorganisms 

contamination ccntrol probleins , 
paris, a sbss tos  plss t ic  Cemei?t, various plastic potting materials , 
and solid rocket pi'ojizllants arc niore resistant to dry heat than those 
resicling on suifaces (ref. 1). Due to this incresssd resistance to  the effects 
of dry hea t  it wss deemed necassary to develop assay proced*u-es which :vo~~lC! 
allow the detection of very small populaticns of microorganisms 
the sol ids .  
temperatures in excess  of steriiization requi-enents  and thus constitute 

entrapped v.7it.h in 5 olicls constitute unique 
Bacierjel spores encased in plaster of 

within 
Some solids within the spacecraft r;iay be subjected to  

a niinimurn contamination control problem. There are , however, sol id  
components which are adversely affected by such t reataent .  It is essent ia l  
that the nicrobial  popdation within these scl id  materials 5s accuratply 
known in order to  assess their contribution to the total contarnination load 

of the entire slncecraft .  
* -. 

- 
Not  only is it essent ia l  to  develop allequate pulverizati'on technicf,.es 

for exposing these micro-organisms, but it is alsc necessary to develop 
methodology for overcoming the ad-Terse environments provided by the 
spacecraft  solids.  -4t the t i m e  of fabricatior, of spacecraft cDmponents , 
microorganisms - from the environixnt may exis t  and be incorporatSd as 
spo;ca or as vegetative cel ls  in  any of a wide variety of physiological statez.. 
Obviously, tht: effects of various plastics , .x-opellar,ts , and other solids 
on the physiological sts tes of microorganisms 
development of suitable recovery techniques. The ultiniatn, aim cf pu!- 

verization is to  re2uce the particle s ize  to that which will sktis:icziXy 

provide for optimurn ciffusiorr of nutrients icto the niicroorganisms 252 
thereby permit the autg-owth of these cel ls  from tkeir ~ 2 c a s e r j  sites within 

the solid particle. Since Sacte;iai and fungal srJores zre best  adapted for 
survival in the interr'al regiocs of so l ids ,  the pulverization proezss x u s t  ?!e 
optimized for :heir detection and cultural recovery. In the course of this 

pulverization, l x g e  microol-gzniSms ir,cludj.ng fungal spcres ; nycel ia  , and lar!;.~ 

vegetative cel ls  may be 2hysical ly  dSiI?a.GC;d. 

recovery of such l s rze ce l l s ,  additional s a r p l e r ,  of each of the solids should 

3rz important in the 

-----"-_ 
I__ .. 

Thus I in order to assure  
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be pulverized in a manner modified €or the recovery of large cells. 

A ~ 7 i d e  range o f  sx5stcinccs 31-e present within solids v.ihich interfere * 

with t he  growth of microorganisms. Saxe plastic solids are polymerized 
through the use  Df  free radical iriitiators . Thesn initiators, or their products, 
may be present in minute but detectablc quant i t ies  in so:nz solids and must 
be neutralized iil order to  provide optimal reccvsry conditions. 
rocket propel!ant ccntains large qumti t ies  of iniiibito-r substan es which 
must be lczched froni the pulverized propellar,t and neutralize+-$rior to the -,,L 
application of culture tzchniques . Epoxy resins , ccmting rriaierlals , 
pottirig compounds and adhesives contain res id.ual epoxide groups. 
functional groups m u s t  be reacted to prevent their interference with 
recovery of microorganisms. 

Solid 

.-.2.,/--. I .I.-/ Y 

Such 

- 
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% . IT. INTRODUCTION 

This final report on SN-42 (JPL Contract No. 950740) constitutes the pertinent 
data obtained in our investigations on the development of methods for the recovery 
of microorganisms :ram the  interior of solid materials. In order to provide a high 
degree of reliabil i t- j  of microbial decontamination , it is essentj-a1 that methods for 
the detection of viable microorganisms be developed and that these be as sensi t ive 
and reliable as  possible. In the f i rs t  phase of this program, under the direction 
of Dr, John Opfell, the investigation of a variety of methods for detecting the 
presence of viable microorganisms within solid materials were studied. These 
methods included culturing I electron spin resonance , electrophoresis I nonfluorescent 
staining, fluorescent staining, and autoradiogra!?ny, A s  a result  of these' studies 
conducted in the application of the above methods, it became clear  that with the 
exception of rather limited usefulness of fluorescent staining techniques I cult*iring 
represents the most useful, sensit ive and eas i ly  applied method. 

Electron spin resonance spectrometry involv3s the absorption of incident 
energy (usually in the microwave region) by unpz ired electrons under the influence 
of a magnetic field. Electron spin resonance messures the magnetic moments o f  
unpaired electrons and are somewhat analogous to the vibrational-rotational 
transitions in other forms of spectroscopy, Becsuse free radicals occur in  the 
process of metabolic activities within cells , this technique was studied to 
determine its poter t ial  usefulness as an independent means of assess ing  the 
presence of microbial contamination in sol id  materials . Indeed, it was found 
that  differences extsted between viable and nom iable microbial cells. Unfodu- 
nately,  the order of magnitude of such differenccas is not sufficient to differentiate 
between other free radicals which may occur i n  E L  variety of nonliving solid materials 
(both organic and inorganic) of a wide variety of types. Since free radicals csnnot 
be distinguished from those generated by small numbers of living microorganisms 
and inanimate solid particulates, this method was not cor?sidered to be of sufficient 
usefulness t o  warrant further investigation. 

i 

The cel l  walls of microorganisms contain chemical functional groups which 
vary in the  nature i3nd distribution of electrical  charges. A wide variety of 
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- ~ microbial s ta ins  adhere strongly to the cell walls,  and in some cases to the 
cytoplasmic constituents of microbial cel ls .  The specificity and the degree 
of such staining is dependent upon the nature and distribution of the charge 
groups within the cell wall and the cytoplasm. In  the application of this tool 
for the detection of microorganisms in solids,  it  is essent ia l  that the micro- 
organism exposed from the solid be easi ly  differentiated by microscopy from the 
debris. N o t  only is this of importance to determine the presence of microorganisms , 
but it is of greater usefulness to determine whether these microorganisms are 
viable or nonviable. Spores of & subtilis var , niqer, Clostridium sporoqenes , 
and Ulocladium were obtained and the viability assessed  by cultural methods. 
An aliquot of each of these microorg.anisms was subjected to  the killing effects 
of dry heat ,  autoclaving , exposure to ethylene oxide, formaldehyde, and chlorine 
gas .  Subsequenl ly, both the viable and the ncnviable organisms were stained and 
examined microscopically, No differences were noted that would permit the 
differentiation between viable and nonviable microorganisms. This method was 
abandoned. 

A number of fluorescent dyes bind stronglSr to microorganisms. When thzse 
microorGanisms ere examined under a microscope equipped with suitable optics, 
the background rmy be adjusted to a nearly un:form black while the outlines 
of t3e microorgan.isms present a bright fluorescence + Thus , it would appear that 
this technique would be more useful than the .nonfluorescent staining techniques 
since there are fewer 
This  method is only useful when the solid material and the other debris from the 
pulverized solid -3id not possess  chemically charged groups which bind the dye. 
Z.1 the latter case the solid a s  well a s  the micr'2organism would show flourescence 
and the method Tvould be use less ,  Likewise i t  i s  necessary that the solid 
not be flourescent. Under the experimental conditions of comparing viable and 
nonviable microorganisms, it was not possible to correlate the degree of 
fluorescence with viability. Thus this nethod suffers a severe deficiency. In 

interfering and confusing structures in the background. 

I 

addition, it is an excsedingly slow and painstaking technique which requires a 
high degree of standardization in order to use for the detection of microorganisms. 
The fundamental reason for abandoning this method was i:h lack of reliabilit J in 
distinguishing viable cells from nonviable cel ls .  

4 



The incorporation of radioactively tagged beta emitting isotopes provide a 
. means of determining potential cellular viability, The presence of the tagged 

metabolite may then be determined by the use of radioautography. The latter 

technique utilizes a sensit ive fine grained photographic emulsion which is 
sensit ive to  weak beta emitting radiation. These weak beta rays interact wjth 

the photographic einulsion to  provide opaque s i l t e r  grains ir, a manner somewhat 
analogous to the effect  of light on photographic emulsion, The prescnce of grain 

patterns which are confined within the outlines o f  the microbial ce l l s ,  or 
fragments thereof , would provide evidence of viibil i ty,  assuming that adequate 
controls are included, When the opaque silver ccrained pattern develops in 

regions outside the cel l  wall area,  it may be pozsibly due to chemabsorption of  
the  radioactive metabolite by the  solid or jmdeq-mte washing The resolution of 
this method is highest when the weakest forms cf radiation capable of activating 
the silver particles in the emulsion is utilized. Maximum resolution depends 
upon a minimum distance between the microorgardsm containing the radioactive 
metabolite and the photographic emulsion. Wh3.2 spores of R .  suhtilis var. 
nicrer were incubated with solutions containing Tritium labeled thymidine no 
radioactivity was detected in the radioautographs. This was because DXA 
is only duplicated during cell division which docs not take place within spore3, 

I . I  

Culturing represents the  most reliable method thus far devised for the 

detection of viable microorganisms. This method depends on the ability of the 
microorganisms to undergo cellular division, There are , of course, deficiencies 
in the use of this inethod since physical and/or chemical trauma associated with 
the exposure of the microorganism from its location within the solid may result 

in a lack of abilitl. to demonstrate the organism: viability by culture methods. 
Thus, culture met'r,ods have long been established a s  useful techniques for the 
detection of viable microorganisms , and therefox , were used in Phases 2 , 3,  and 
4.  

N o t  only is it essent ia l  to develop adequate pulverization techniques for 
exposing these microorganisms , but it is a l so  ncces sary to  develop methodology 
for overcoming the adverse environments provided by the spacecraft solids.  At 
the time of fabrication of spacecraft components , microorganisms from the 
environment may exis t  and be incorporated a s  spores or a s  vegetative cel ls  in 
any of a wide variety of physiological s ta tes .  Obviously, the effects of various 
plastics , propellants, and other solids on the physiological s ta tes  cf microorganisms 
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are important in the development of suitable recovery techniques . The ultirnate ! 

I a i m  of pulverization is to reduce the particle s ize  to that which will statist ically 
provide for optimum diffusion oi nutrients into the microorganisms and thereby 
permit the outgrowth of these cells from their encased s i tes  within the solid 
particle. Since bacterial and fungal spores are best adapted for survival in the 
internal regions of sol ids ,  the pulverization process must be optimized for thetr 
detection and cultural recovery. In the course of this pulverization, large micro- 
organisms including fuiiyal spores,  mycelia , arid large vegetative cel ls  may be 
physically damaged. Thus, in order to assure recovery of such large ce l l s ,  

I 

- .. 

- >  

additional samples of each of the solids should lie pulverized in a manner modified 
for the recovery of large cells. 

A wide range of substances are present within solids which interfere 
with the growth of niicroorganisms. Some plastic solids are polymerized 
through the use of free radical initiators e These initiators, or their products, 

' 

may be present in minute but detectable quantities in some solids and r x . s t  
be neutralized in order to provide optimal recovery conditions. Solid rocket 
propellant contain:; large quantities of inhibitory substances which must be 
leached from the pulverized propellant and neutrdized prior to  the application 
of culture techniq1.e~ . Epoxy resins ,  coating miiterials, potting compounds a r d  
adhesives contain residual epoxide groups 
to prevent their in2erferexe with recovery of microorganisms, 

Such functional groups must be wacted  

6 



111. METHODS AND RESULTS 

A .  PulverizatiLn 

The pulverization of solid materials used in !:,e fabrication of 

spacecraft ma11 be accomplished through the use of high speed blenders, 
grills , mortar and pest le ,  ball and vortex 111: 11s , abrasive devices , arid 
saws. (See re fermces  2 t o  9 ) .  These methods , each 5ave their 
characteristic advantages and disadvantage:; . Control c;f the extent 
and uniforniily of pulverization with these methods is dil'ficiilt and in 
some cases not possible.  The production of aerosols 1ixif:s the 
usefulness of the hish speed blenders and drilling techniques. With 
certain types of solids, explosions occur when the lcvc! of pulverization 
reaches a certain particle distribution range. The recovery of micro- 
organisms pulverized in solids using high speed blenders and drills was 
disappointingly low. I t  would a?pear likely that the lack of adequate 
control of heat. generated in these  forms of pulverization as well as the 
physical traurm incident to these methods ri.sy be responsible f a -  such 
results.  Sawing permits the cor.trol of both the heat production (by 
controlling thc sawing rate) and the extent c f  pulverization through 
selection of the ideal tooth design. 

Various blade and tooth corifirmations produce widely different 
forms of pulverizaticn. The types of saw blades used in the sawing of the 
various types of materials are numerous; hoTvever, the major paraxetsrs  
of importance in determining the types of pulverization produced are deperident 
upon the folloTving factors; 1) tooth confirmiition and design, 2) pitch (r.urnher) 

and s i ze  of tec?th, 3) sawing rate,  4) pressure applied to  the solid.  

The most important factor affecting the effectiveness of pulverizatior? 
using saw blades can be related to  the design and configuration of the teeth.  
The angles of the tooth face,  Sack, clearance and rake, in addition to the 
tooth spacing and go up depth are illustraled in Figure 1. There a re  several  

possible comhinatiors of teeth configurations which produce widely 
different resu1:s in the palverization of solitls. The short nearly vertical angle 

tooth design typical of hacksaw blades appears to  be the most useful for the 
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pulverization of rigid plastic sol ids .  

There are a variety of ways in which the teeth are sst (Figure 2) .  
The alternate set teeth have one tooth to the right and the next to  
the left .  
blades and for nearly a l l  wood cutting blade.;. The configuration has  not 
proven t o  be effective in the pulverization o l  sol ids ,  since it produces 
large crtboidal chips.  

. right and left teeth,  the type of chips that are produced differ. If 
the angle of the cutting blade is acute i n  respect t o  the surface of the 
sol id ,  a ribbon is produccd in  place of a chip. 

This type of s e t  is common for some types of plastic cutting 

By adding one straight tooth between the pairs of 

. The ra'cer set ,  which interposes a st-aight tooth between the lef t  
and right set of teeth with the hacksaw configuration, is capable of 
clearing the ribbon and partially disrupting j t . The most common blade, 
containing some 22 t o  32 teeth per inch, employs wavy set' teeth.  These 
teeth are form2d by alternately bringing two or more teeth to the right and to  
the left in gracluated degrees. 
through the center of each tooth would generate a smooth low pitch wavy curve. 
The blades with 32 teeth per inch were ger,erally gang set. i n  this 
confirmaticn t h e  tooth edge portion of the blade was  formed with a device 
which gang sets  6 to 8 teeth in one direction and alternates the set 
of the succeeding group of 8 teeth s o  a s  to  form a wavy pattern throughout 
the entire length of the blade. These blade:; are designed for cutting. 
Among the corimercially aTrailable blades, the fine tooth blades show 
advantages ol'er the alternate or raker type Configuration in pulverization 
of sol ids .  

In this configuration, a center line drawn 

In spi te  of the fact that hacksaw blades are designed for cutting 
hard metals, i t  is desirable to  m e  nickel molybdenumalloy blades or 
tungsten s tee l  blades in order to minimize the rate of dulling on the blade. 
Dulling which occurs when using other types of hardened s tee l  alloys m a y  

result  in poor pulverization. Cross linked c?poxy polymers with fillers 
cause  surprisingly rapid dulling of blades.  The types of blades studied 

. . .  a .  
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included a representative ranqt? of riicta! alloys. 

The pressure applied to the blade during the sawing processes is of 

importance. 
The greater the amount of weight os the blades, the  thicker the resulting 
ribbon. The lcngth of blade is of signii'icanze s ince i t  is convenient to use  
slow long strokes whic!i utilize the entire length of the blade and thus 
allow a more even continuous stroke and inc:rease the uniformity of 
pulverization. The effective pressure vs- blzde design for tlie pulverization 
of plast ic  materials studied is shoxn in Tables l a  to IC. 

Ideally this pressure should not exceed 1 0 0  grams per inch. 

Solid rocket propellant is ths most  difficult spacecraft component 
materjd to pu'.verize . The Dremel driJ.1, slicing with the microtome and 
other methods which were s tuciied were inefj'ective because of the peculiar 
characterist ics ir! this substance (ref. 4) . Sawing wit11 appropriate types of 
hacksaw b1adc.s pro-+-ided the nios t efiicient pulve:-izatioii. The particles 
prodwed were si lcky and ter,ded to agglomerate. However, the 
individual p a r k l c s  even thougli agqiomsrated in the culture media 
provided suffi4zient suriace area for effective recovery of microorganisms 1'5) . 
The particles ?roZuced by sai\?ii-ir; differ depending up0.2 the amount of 
pressure applleci and the rate of sa-.viny. Ribbon-like structures produced 
when the sawing pressure was less than 
15 microns in diarr-eter and disglayed a high instance of micro cracks and 
imperfections radiating in all directions, Filjurs 3.  Care must be taker, 
that the particles are coilected and h a a d l d  in such  a way that agglomera3on 
of particles is ininimized. The typical micr Dscopic appearance of this 
material is shzwm in FFicjures 4 and 5. 

1 0 0  grams per inch were less than 

Polyester and epoxy r e s b s  are satisfacicrily ;sulverized by sawinq . 
Ribbons are produczd ~7iiose thicknesses are generally 5 to 1 5  microns 
when a mi.nirnum amount of pressure (lsss than a 1 0 0  grams per inch) 
is applied by the blade to  the plastic.  T b r i g i d  highly cross-link56 
or filled rigid plastic tend to pulverize as c' powder. The less rigidly 

cross-linked plastics and semi-flexible t y p t s  readiiy form ribbons 
(Figu-es 6 to  '3) 
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If we assume that a rriicrobial spore in an idealized model will 
occupy a space  of one cubic micron, in the absence of trauma, toxicity, 
and neglecting die away,  the solid when pulverizzd to this size range should 
provide a theoretical recovery of 1 0 0  percent If we  further assume that 
the model for -:he solid particle is two microns on each s ide ,  the volume 
is increased eight-fold (Figure 1 0 ) .  Is it reasonable to  suppose that the 
theoretical recovery is decreased by a siiniler ratio of volume increase,  
The worst cas2 would require that the spore exis t  in the center of all 

planes within the cube. Under these conciitjons , the maximum distance 
between the  spore and the exterior would be one half micron. The 
probability of this worst case ~vould approach zero. The physical constraints 
of a particle containinc; the entrapped spore would be l e s s  than the 
theoretical cube case within any particle of two microns or less actually 
observed in the pulverized sample. 

-. 

The worst case situation in such a particle would require that theIe 
be no micro cracks or imperfections in any plane which would encroach 
upon the centra! location of the spore. The probability of this cccurring 
also approa.chzs zero. Particles resulting from the pulverization showing 
a niaximum diinension in any plane are generally s ized by that dimension. 
Nearly all of the particles,  with the exception in the longest plane , m a y  be 
a small fraction of 5 microns. Statistically, nearly all such particles 
would certainly have, in one plane or anothrx, distances much less than 5 
microns. In the course of our studies on pulverization, we have observed that 
well over 8 0 %  of such classifipd particles contain cross-sectional d i s t a  zes 

of less than 2 microns. It might be noted that in TaSle IC, when using a 32 

tooth blade and light pressure, as much a s  '70% of the particles were less than 

5 microns in s i ze .  

10 
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B .  Leaching and Neutralization 

Often soluble toxic substances may be extracted from pulvcrized 
solid materials. In some instances,  simple dilution of the inhibitory 
substance is sufficient t o  allow nearly maxiniur;.i growth rates  in a 
reasonable fin21 culture volume. Leaching n a y  in some instances be 
necessary when inhibitors or toxic materials are not neutraljzable. An 
import ant c at e c, or y of 1 e a ch a b 1 e i n  h ib i t or s are po 1 I; ni e c i z a t ion ., c ro s s - 
linking agents and catalysts .  Solid plasric materials are polyxerized 
by a variety of agents.  Examples are benzoyl or isobutryl peroxide, 
epoxides I forrn.!dehyde or epichlorhydrin. The neutralization of 
benzoyl and isobutryl peroxide are sumnarizc:d in Table 2 .  Of the 
various reactants studied, glutathione has proven to  be the most effective 
and the least toxic. The other reductants investigated included sodium 
borohydride and cysteine.  

While a l l  these reductants were effective in the adjustment of 
the redox potertial ,  it was found that cysteine sulfoxide was 

! formed as  a reaction product. This cornpound was toxic to socle micro- 
organisms. In addition, cysteine reacts with SS bonds within proteins. 
T h i s  arfiino acid can a l so  react with transition state metals and thus 
interfere with trace metal netabolisrn of nicroorganisms -.*:hen this amino 
acid is used in moderate t o  high concentraiicns. Sorohy-diide is toxic to  
microorganisms largely due to its reaction product, borate ion. So in si)ite of 
its effectivenes 3 in the adjvstment of redox pDtential when used in dilu.te 
solutions, its slight toxicity limits i t s  usefulness. 

Virtually all epoxides and trimethylene oxidzs as well a s  tetramcthy!erie 
oxides may be used in the synthesis of plastic materials. Tetrahydrofurans 

will polymerizerecdily only w5en caticnic cataiysts  are used. Each of the 
above conpounds show evidence of various cteqees of xoxicity . The 
epoxides are rimst toxic to  both vegetative cel ls  and spores.  Tetrahydrofurane 
displays far less toxicity, and in many instances no toxicity at all. 

11 
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The most important c l a s s  of plastic materials utilized in potting 
compounds , .electronic components, and encaser;ient materials are the 

epoxy resins .  A wide range of physical characteristics may be obtained 
with these  compounds depending upon thc types of monomers utilized 
and the nature and composition of the harden,xs.  A typical type of 
epoxy resin niay be prepared by the base  induced condensation of a polyhydroxy 
compound, usually a bisphenol , and utilizing in most cases epichlorhydrin which 
forms an internediate of low molecular weight. This compound is essentially 
a linear polymer, containing terminal epoxide groups and pendant hydroxyls I 

Figure 11. 
termination of the polymeric chains with epoxy groups. These unreacted 
epoxide groups cause  most of .the toxicity associated with epoxy resins .  
The resins  may be reacted to  achieve maximcn cross-linking by using 
curing or cross-linking agents , examples of which are amines and carboxylic 
acids and their anhydrides. In nearly all cf the curreritly marketed epoxy 

I 

An 2xcess of epichlorhydrin in th3 reaction results in the 

resins epichlorhydrln is used. 

Arnong 1 he  various methods of neutralizing this toxicity which were 
devised in our laboratory are 1) adjustment 01: pH to a moderately acidic 
concentration (pH 3 to  4) t o  open the epoxide ring or 2) reacting the epoxide 
with a suitable compound to  form a chemical derivative. 
approaches were investigated and the results are summx-ized in Table 3. 
The reaction of epoxides with proteins is coinplex and must require some 
elaboration. I-: was discovered that this interaction at physiological p'i-I's 
involved chiefly the amino acid histidine. 

Both of these 

Epichlcrhycirin was allowed to  react ivith 2 % casein hydrolysate for 
a period of 4 hours a t  25%. The amino acid which reacted most vigorously 
at pH 7 . 0  was histidine. The amino groups of some of the other amino acids 
were also reactive. The extent of reaction clf the various amino acids in the 
mixture are summarized in Table 4 .  Epoxides may react with nucleic acids .  
The hologyn portion of the rnolecuie z a y  also react; however, it is of less 

importance. E pichlorhydrin exzrts its mare jxcfound biological effects on 
DNA by causing either intramolez~lar  cross-lipking , cross-linking with 
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neighboring functional groups within the molecule, or with the nucleohistone present 
in  the vicinity of the DNA or intramolecular cross-linking. The various forms of 
interaction are summarized in Figure 1%. Nucleic acids were active in the neutra- 
lization of epichlorhyririn . 

Beef extract (Ilifco Corporation) arid FUVA a t  5% concentrations were effective 
neutralizers for epichlorhydrin. These substanc2s form a viscous suspension at 
5% concentrations. Higher concentrations of these neutralizers result in markedly 
inhomogeneous suspensions and do not improve the effectiveness of the neutra- 
lization (Table 5), 

Leaching procedures were applied to Eccocoat 1C2 in an effort to improve the 
recovery froill this solid (Table 6) -  The most promising leach fluids were ethylene 
chloride, chlorofo:m, and trichlorotrifluoroethane . Slightly higher recoveries were 
obtained a t  5OC tkan a t  2S°C. Since the order c ~ f  magnitude of recovery remained 
low with the l e a d  ing procedures attempted, we abandoned leaching methods for 
Eccocoat 1C2 and Epon 901 Recoveries were sufficiently high for Stycast, 
Paraplast, Parlodion and Maraset compared to other data (4) not to apply leaching 
techniques. Leaching is used together with neL.tralization for solid rocket pro- 
pellant ( 5 ) .  

1 

Ultrasound a t  maximum output was useful  in increasing the recovery froni 
Stycast 1 0 9 0  (Table 7) .  

C. Recovery of hSicroorganisms from Solids 

All of the test orgaiiism types were recovei-3d from Paraplast (Table 8). '.'he 
vegetative cells Tvere recovered from the latter solid only. Lower recoveries 
were obtainec! f ro3  Eccocoat 1C2 I Epon 901 ,  and RTV 40 .  Methods used were 
outlined in the pr3tocol. 

D. Culture Media 

A varicty of culture media including Bacto Anaerobic Agar", Bacto Blood 

Agar Base, Thioglycollate';: , Trypticase Soy**, were studied during- the cour:ie 
of the past  two years for the recovery of microorganisms from solids.  The mc?diilm 
shown on Table 9 has  proven to be the most effective. Although'the termination of 

*Difco Laboratories Detroit, Michigan 
** Baltimore Biological Laboratories 
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- dorniancy and the initiation of germination do not require special  s teps  with 
the spores specified in this stud17, ingredients were incorporated in the growth 
medium to  cptiniize these  phenomenon, (tetrahydrofurane , alanine and 

I. 

--- 

casamino acids).  

.. 

,-  
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TV. FINAL PROTOCOL FOR THE CULTURING OF MICROORGANISMS 
FROM THE INTERIOR OF SOLTD MATERIALS 

A. Assembly of Sterile Chamber 

A rectangular (container (width 50 cm, length 100 c m  having a capacity of 
7 5 liters) is prepared utilizing 4-8 m i l  polyethylene tubing e A gland is provided 
which allows for exhaustion of the ethylene oxide and subsequent refilling with air. 
An aluminum frame and base  supports the structure and provides a sur€ace for the 
attachment of a vise .  The contents of the chamber include ethylene oxide, the 
hacksaw assembly, liquid media, the steri le solutions of neutralizers, steri le 
standardized acid 2nd base ,  and the  solid materials t o  be studied. Several 
additional culture Jessels are included which arc? utilized a s  controls by Inference 
to demonstrate thak the environment inside of the bag is steri le (Table 1 0 ) .  

Following the assembly of the contents of the bag, it is sealed utilizing a 
double heat s e a l  szam. The bag is tes ted to determine whether leaks are present 
using a thermal conductivity cell of the gas  chromatograph a s  a detector of 
leakage. 

> 

B, Surface Decontamination with Sterilant Gas 

Evaporation of a previogsly determined voluine of ethylene oxide in suffic:lent 
excess to  maintain a concentration of 500 mg/L of space  is allowed to take place 
within the bag at r3om temperature for a period of 12-16 hours. The steri lant gas 
mixture employed consis ts  of 1 2 %  ethylene oxide and 88% Freon-12 or pure 
ethylene oxide 

2 Six test tubes each containing 10  spcres of B. subtilis var niger are used 
as controls on the effectiveness of the surface decontamination procedure. These 
tubes are capped in  a manner which permits the gas  phase to enter. A t  the end 
of the surface decontamination period, 1 0  ml of growth medium is added and the 
tubes still inside the bag are incubated under thc: same conditions as the a s s a y  
tubes.  The screw capped tubes containing the c d t u r e  media and the neu t r a l i zx  
are sealed t o  prevc:nt contact with the ethylene cxiclc. N o  evidence of outgrowth 
has  been obtained in those tubes in the tests reported in this study. 
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C. Analysis of Ethylene Oxide Concentration 

Gas  samples for the a s s a y  of ethylene oxide and humidity were collected 
using a 1 0  ml syringe. The needle is introduced into the bag at the site of a 
double rubber sea l .  Past  experience has shown that leakage from this sampling 
site does not take place; however, added assurance of protection against  this is 
provided by using pressure sensit ive tape over the puncture area.  Ethylene oxide 

escapes from the bag a t  a very S ~ O W  rate thus necessitating an  additional ethylene 
oxide analysis a t  the end of the decontamination period. The humidity and 

ethylene oxide concentrations are determined by gas  chromatography utilizing 
. .  

the  same gas chromatographic column (1 % carbowax 1 5 4 0  on Teflon 6) using a gas 

chromatograph eqL.ipped with a thermal conductivity detector (Carle Instruments , 
Tnc 
sensitivity, 

-6 This instrument can detect 1 0  g of ethylerie oxide or H20/ml a t  maximum 

~~~~~~~~~~f 1 -- Ethylene Oxide and Replacement with Air 

Following the sterilization cycle,  the residual ethylene oxide is exhausted . 

from the bag, and the chamber is flushed 5 times with alternate filling and 
exhausting steri le air. This is facilitated by using a tube packed wikh steri le 
bacteriological cctton which serves to remove gross particles and microorganisms 
passing through tlie tubing line form the exterior of the bag. Also in thlk l ine,  a 
Millipore filter provides an  additional barrier to the contamination of the bag through 
this  line. To further insure that no remaining treces of ethylene oxi6.e are present 
within the Sag, a 1 0  ml  volurre oE the air  within the bag is withdrawn and injected 

i 

into the gas  chromatograph to determine the concentration of ethylene oxide. 

E .  Inoculation and PlJlverization of the Solid 

. . .  , 

The plastic and har?.ener are weiy:?ed out and mixed according to 
the manufacturer's directions . The mixing is acconiplished under clean 
conditions. The inoculstian of the solid is perfcrrned j u s t  prior to i ts  
solidification. Norm-ally, a t  this stage thc solid has  warmed appreciab1:- 

. .  
1 6  
e * .  
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due t o  the exothermic reaction taking place. If the temperature is in  excess  
of 3SoC, it is cooled to  or below that temperature prior to  the addition of the 
inoculant. After the inoculant is added, it is quicldy stii-red and tamped in 
order t o  re lease any gas  bubbles present within it. After the solid has solidified, 
it is removed from the mold and subjected to pulverization procedures. 

The sol id  is placed in the v i se ,  the collector is placed beneath the solid 
and the sample sawing is peiformcd. The pressure of the bladft on the solid is 

of critics1 importance since it determines to  a major extent the thickness of the 
spiral-shaped ribbons that are formed. The weight of the holder and blade/inch 
of blade consti tutes the only- pressure applied during the sawing process. Under . 

ideal  cii-cumstances, the pressure should be 1 0 0  gm/inch or less. The rate  of 
sawing determines the amount of heat procluced a t  the interface of the blade 
and the solid (5). The weight of the sample is 3stimated using a 5 ml  beaker, 
This does not provide sufficient accuracy but allows crude estimations of 
the quantity of thc solid processed, 
be determined at :later s teps  when the bottle coritaining the sol id  is subjected 
to culturing. The tared weight of the bottle and estimation of a l l  subsequent 
volume permits the estimation of the total  weight of the solid sample). 

1 

(The exact weight of solid added may 

I 
i 

In spi te  of the  fact that hacksaw blades art: constructed from high-grade 
hard steel a l loys,  they dull at surprisingly f a s t  rates. With epoxy solids t k  
blade should be changed after the pulverization of 5 grams of solid. The 
changes observed when pulverization is accomplished with a du.11 blade are 
characterized by ribbons of irregular thickness and a tendency of the sol id  
to break into large chips.  

Current work indicates that  it is eas ie r  to disintegrate the solid material 

i f  it is subjected to  a brief grinding with neutralizer in a mortar and pcstle.  This 
grinding is carried out with a pestle chilled by placing a corner of the bag con- 
taining the pest le  in an  ice bath. Exposure of the contents of the mortar and 
pestle t o  ultrasound, utilizing a Branson S-75 d t rasound stephorn a t  an output 
of 5 amps for thirty seconds,  increases the recovery of spores.  The bag 
decreases the efficiency of the ultrasound probe and thus it is necessary to  
use  full output. 

17 
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F. Neutralization 
.' 1 

It is convenient to add the neutralizer immediately following the sawing - 

s t ep  (5% RNA, 5% beef extract) 
experiments is 2 ml per gram of solid. 

The quantity of the neutralizer used in these 
i 

At the end  of the gripding and ultrasound period, the sterile culture 
medium maintained at 4OoC by a water bath is added to  additional neutralizer I . _  

(8 ml). The rn0rta.i- and pestle are Githdrawn fron the ice bath and allowed to 
sit for one hour to a l . 1 0 ~  the neutralizers to  oveiconie the growth inhibitory 
substances present. The contents of the mortar following sufficient mixing to 
produce a homogeneous mixture are added to a t e s t  tube and the t e s t  tube closure is 

sealed,  Care must be taken in the latter s teps  to accomplish the mixing with 
sufficient rapidity so  tha t  the semisolid agar me dium-neutralizer mixture does not 

_ .  

solidify prematurely. 

The adjustment of pF1, redox potential, mcl control of fluidity 
are performed wit%in the sterilant bag. Model experiments previously 
performed outside of the bag using the same welght 2f sample provide 
the volume requirex;ertf-s for the oxidaxts, reductants and otk'er such 
additives. These manipulations prevent contamhatior. 5 y  pH meters, 
volumetric burets an6 such instrumsntation i f  they were included within 
the bag. 

i 

G. Leachinq 

Leaching thc pulv-zrized solid a t  5OC i s  2artially effective in 
removing growth i ihiSitors of certain sol ids .  T ?e u s e  of neatralizers 
as outlined ahove is generally a s  effective in overcoming the toxicity 
of the soiid. Th.; UEP_ of both neutralizers and leaching s teps  does nc t  
at this t i m e  appear io  Se warranted s incs  tYL;e increase in recovery when 
both procedures ar-r? applied is not sufficiently high to :e useful. 

H . Cu1turir:q 

The compositioc of the  culture media used in t h ~ ; s e  sxperiments 

is shown in Tabla 9 .  
of a wide variety q f  S~XY;: forrni2g microor;anisLns in  addition to B. subtil is .  

T h i s  qrowth mc-dium was devised t c  pcrmit'the g-owth 

18 



The culture tubcs with the closures tightly in placc are incubated 
at 32OC.  With --- B. subtilL5 va 

Nor,damagleci spores incubated in this culture medium grow out rapidly 
with maximum nutnber of organisms evident within a period of one to two 
days.  I t  is suggested that the delayed appearance of colonies is 

dependent upon chemical (snd/or physical injury sustained in the 
incorporation into the solid epoxy resin or in the process of recovery 
from the r s  sin. 
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C o m PO un d 

Percent of Control Counts 
(Average of 5 plate couilts) 

Sodium 
Borohydride Cysteine Glutathione Water 

-.--__--__-- 0.1M 0 .1M -- 0.1M 

Benzoyl Peroxids, 5% 7 3  52 92 0 

Tsobutyryl Peroxide, 5% 65 50 88 0 

Control '(H20) 100 10.3 100 1 oc 
c - _I_--- 

h 

After reduction of the peroxide, 10' spores of 3. subtilis var niger 
were added. P.fter exposure for 2 ,hours a t  Z S O C ,  :he organisms were 
counted by plate ciiiutim technique sub3equctnt to incuhatior, at 35OC for 
24 hours. 

" . .  

- .  

. -  
I. < 

-. - 

. .  

t 
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TABLE 2-B 

- NEUTRALIZATION OF E3ENZOYL AND TSOBUWRYL 3EROXIDES 

Percent of Control Tlates 
Sodium 
Boiiohydride c ys te in2 Glut aih ione Water 

Compound 0 .1 M -- O . k M  -.- 0*7_iL’I_------ 

Benzoyl Peroside, 5% 12  18 27 0 

Tsobutyryl Feroxide, .5% 17  2.0 32 0 

Control (H20) 89 5‘ 9 L 00 1 0 0  

3 After reduction of the psroxids,  IO spores of C1 s ~ o ~ o a r j n e ~  were 
added. 
by plate dilution techniqzs su’useqJsi‘L tc incubatiori a; 35 C for 2 4  hours. 

After exposure for 2 hours at 2 S O C ,  the orgenisms we13 coufited 
0 

25  
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. I  

Cornpo-Llnd 

Percent of Control Plates 

s 0 ci iu m 
Borohydride Cyst e ins  G 1 ut at h ion e Water 

0 . l M  0 . 1 M 0 . l M  

Benzoyl Peroxide I 5% 2 3 14 u 
Isobutyryl Per0xid.e , 5% 6 8 16 0 

Control (~1~0)  50 64 97 100 

3 After reduction of the pe-roxic7,eI 10 cells of E. cgli were a6cied. 
0 After exposure for 2 hours a i  25  C, the organ!sr.?s were counted by plate 

dilution techn;que subsecjueilt to incabation at 3s C for 24 hours.  c ,o 
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TABLE 2-D 

NEUTKALIZA'lJON OF BENZOYL AND I~Ol3IJTYR.YL P E R O X I E  

Percent of Control Plates 
So diu ni 
Boroh ycirl.de Cyst e ine Glutathione Vi3ter 

-- 0 . I. h4 ----._I_ --.--a Comtmunds. 0.1M 0 ,jl.g 

Benzoyl Peroxide , 5% 47 51 66 1 

Tsobutyryl Peroxide, 5% 40 47 52 2 

Control (HzO) 82 98 1 0 0  100 
- I-_cI 

3 After reducticn of the pepxide,  1 0  
After exposure for 2 hours a t  25 C ,  the organisns were counted by plate 
dilution technjque subsequent to incubation at 35 C for 2 4  hours. 

spcres of Uloc1adiu.m were added. 
0 

I 
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TABLE 4 

THE EFFECT OF EP1C;TSLORHVDKTN Oi.lr_ TKE AMJNO ACIDS O F  CASEIN 

--- Amino Asid 

Arc$ n in e 

Histidine 

Lysine 

Tyros in e 

Tryptophs r,e 

Phenylalanine 

Cystine 

Methi on ii:e 

Threonine 

AMINO ACTD CO:4/irOSTTION (%) (Average of 3 Replicates) 
--- Before Reaction After Reaction 

4.3 

2.2 

7.5 

6 - 9  

1.2 

4.8 

0.35 

3.4 

3.8 

4.1 

0 

7.1 

6.3 

0 

4.2 

0 

3.1 

2.1 

Serine 7.6 5.2 

Le uc ine 

Isoleucine 

Valine 

Glutamic. acid 

Aspartic acid 

Glycine 

A1 an ine 

Proline 

H ydrox ypro 1 ine 

9.8 

6.2 

6.6 

23.3 

6.0 

0.5 

5.5 

7.5 

0 .z 

8.8 

5.7 

6.2 

21.3 

5.8 

0.2 

4.1 

6.2 

0 

Two grams o f  casc in  were reacted with L O G  m l  05 0 ,  S% epichlorhydrin 
0 st 20 C for 30 filiilutes at Pf-I 7.0.  

while very l i t t le rzaction occurred with the other ar;..ino acids. 
Note that all of th72 kistidfne was destroyzd 
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TABT,E 5 

Neutralizer- 

Histicljiie , 5% 

Casein,  5% 

Beef Extract, 5% 

Beef Extract, I. 0% 

RNA, 5% 

RNA, 10% 

RNA, 5% and 

Beef Extract, 5% 

% of Control (Average of 5 Replicates) 
E?. sttbtilis C1. sgoroqenes S .  rilarcesens- 

1 2  8 1 0  

3 0 0 

25  17  2 1  

2 8  24  25  

22 2 0  22 

20  .-. 1 9  

71 55 61 
J: RNA 1 O%,  Beef Extract 10% 

Water 0 0 0 

4 10 organisms were addzd to  a final voluxe of 3 ml of 
epichlorhydrin irnrnediateiy treated with the neutralizer a t  0-5 C 
i n  a final volume of 6 .0  ml.  
measured a s  pa-cent of control mexposed  to epicklorhydrin. The 
organis x s  wa-2 counted by piate dilution tec5mique after incubation 
at 3 5 ’ ~  for 4s h3urs. 

0 

Recovery of viable orcjanisms was 
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TABLE 6 

THE EFFECT @_EI_LE:ACH'TNG ON THE RECOVEJRY OF ORGANISMS FROM ECCOCOAT lC_Z 

% Recovery (Average of 3 Replicates) 

Leachinq Medium B .  subtilis C1. s l j c m ~ e n e s  S . marcesens Ulocladit~m ~ 

S°C 25OC 5% 25OC 5OC 25OC 5OC 25OC 

Wzter,  pH 2 0 0 0 0 0 0 0 0 

Water, pH 5 0 0 0 0 0 0 0 0 

Water, pH 7 

Ethylene Chloride 

0 0 0 0 0 

3 1 5 2 4 

0 0 0 

3 0 0 

Chloroform 4. 1 6 2 5 2 -  0 0 

Acetone 2 0 0 1 1 1 0 0 

Trichloro Trifluoro Ethaw 5 1 2 0 6 0 0 0 

C ai5011 Te tr a ch 1 or i de 2 0 0 0 0 0 0 0 

3 The orgznisms were inoculated a: a level of i 0  /3m of sclid. -%e 
leach fluid 1 0  m l / g x  solid were addacl to the pulverized Ecccmzt ,  a!!owzd 
to  leach fo: '7, hocrs, filtered and culture i nn membrane fi l ters.  '?I-.? 
membrane iilter cultxi-es did not show cgowth and therefore, no values 
for the leach fluid ar2 shown. The p lve r i z f .6 ,  leached solid V;BS also . 
cultured a r d  the values reported above. The nstkods outli:ied in the 
prctoco! =.E  ztlon w~;?rt? usr3d for cultural recovz'::r. The cultures were 
incubated at 35OC.  The colonies were counted at 2 week intervals. 
The counts for these cultures were maximal at 5 weeks of incubation, 
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TAEjLE 7 

\ 
i 

EFFECT OF ULTFLGCIN1’C OSCTL?.ATTON _____-- ON RECOVEKY 

-OF B. SUBTILIS VAR NIGER- FROivi STUBST 109Q 

(Average of 3 Replicates) 

recovered/gra m 
--- T i m e  of E X ~ C I S L I I - ~  number 72 Recovery 

0 (247) 1 oc) 

. 1 5  s e c s .  99 

30 secs. 118 

1 inin.  

2 inins. 

135 

144 

6 mins. 165  

8 rnins . 161 

10 nins .  169  

15 mins. 1 6 0  

30 mins. 141 

- .,. 

I- I 

.- 
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TABLE 9 

CULTURE MEDIUhT 

Trypt on e 

Gasatnino acids 

Bacto soytone 

Soluble starch 

Dextrose 

d 1 - Alanine 

DNA 

Tetrahydrofurane 

Yeast extract 

Magnesium sulfate 

Azolectin 

*Tween 80 

Potasslrrm phosphate dibasic 

Agar. 

*P o1yo:qetF yle ne s orh itan ri.lonool eat e 

Per  cent  Composition 

5.0 

0.25 

0.2 

0.5 

1.5 

0.5 

0.2 

0.5 

0.9 

0.2 

0-25 

0.15 

0.5 

0.8 

. .  

c 
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TABLE 1 0  

LIST OF MATERTALS OF ENCLOSUPS, AND CONTENTS 

1. 
2. 
3. 

4. 
5. 
6.  

7. 

8. 
9. 

10, 

Ethylene oxide or ethylene oxide-Freon 1 2  mixture. 
4-8 m i l  polyethylene tubing 50-100 c m  width of 50-100 cm length. 
Screw capped culture tubes,  2 5 cc capacity 

a ,  empty 

b, 
ce 
d. 

e. 

containing 1 0  ml  of neutralizer (1 for each solid. sam2le of I 9). 

containing 1 0  ml  culture media (4 for each solid sample of 1 9) .  

co:itrol tubes previously inoculated with 1 0  spores of B. subti- 
vai- niqer 

sane as d but inoculated into IO ml of growth media. 

2 

- 

Vise mounted on solid surface 
Saw blade and holder with total weight on sawing edge of 50-100 g/inch 
Mxtar and pest le .  Paper wrapped 125-500 ml  capacity (1 for each solid 
to be assayed) .  
Paper towels - 6 
45OC water bath 
'Ice bath 
Screw capped bottles containing 

a. 
b. 

c, sterile 0.02 N HC1 
d. sterile 0.1 M glutathione 

50 nl sterile distilled H 2 0  
sterile 0 01 N NaOH 
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FIGURE 1. The design features of s aw blades. 

w 
A. 
V 
Y 

FIGURE 2 .  Teeth settings of saw blades. 
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FIGURE 3 .  Saw - solid interaction. 

Large arrow indicates direction of saw movement. In some 
instances,  a ribbon which is highly fr2ctured is produced as  
shown, whereas, with most brittle solids,  fragmentation into 
s m a l l  particles occurs. 
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FIGURE 1 0 .  Theoretical model of entrapped spore. 
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FTGURE 11. Synthesis of epoxy plast ics .  

, ... 

45 



THE t F F L C T  OF tPICHLOP.HYDR1N A N D  
tPOXY I Y F L  COMPOUhDS ON NUCLEIC ACIDS _ .  

T e t r a n u c l e o t i d e  P o r t i o n  o f  One S t r a n d  o f  D N A .  
A P A d e n i n e ,  T = l h y n i n e ,  C = C y t o s i n e ,  G=Cuaninc.  

' S i t e s  c a p a b l e  o f  r e a c t i o n  w i t h  
ep i ch  1 o r  hy d r  i n  

Doub le  S t r a n d e d  U N A  
i n Ile 1 i E a 1 Con f o rnia t i on 

I 
i 

! 

I $ 0  
I II 
-P-0- 

L a  

, "<' -- 
ao I 

T y p e s  o f  R e a c t i o n s  P r o d u c e d  by  
t p i ch 1 o rh y d r  i n  h i t h F 1 e x  i b 1 e ).lo 1 e c u  1 e s 

( W A ,  RNA) 
r o t e i n  

' 4v!ep , x = C l i ~ - C - 1 3 H * - C 1 1 2 -  

0 
I 

I n t e r  l i l o l e c u l a r  h i t h  h e i g h b o r i n g  I n t r a  B l o l e c u l a r  
Cross L i n L i n p  Groups  Cross L i n k i n g  

C r o s s  L i n k i n 3  
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INTRODUCTION AND SUMMARY 

In  order to  provide a high degree of reliability of microbial 
decontamination, it is essent ia l  that methods for the detection of viable 
microorganlsms be developcd and that these be as sensit ive and reliable 
as  possible e The detection of microorganisms within the interstices of 
solid materials represents a complex problem vrhich rnay be approached 
conceptually frorn a number of directions. The detection methods which 
were studied and are reported in this document include: culturing, electron 
spin resonance r nonfluorescent staining, fluorsscent staining, electrophoreses, 
and autoradiogra:?hy. 

A, Culturing, 

Culturing represents the most reliable method thus far devised for 
the defection of .Jiable microorganisms. This .nethod depends on t1i.r: al?ility 
of the microorganism to  undergo cellular division. There a re ,  of courso 
deficiencies in t h e  u s e  of this method s ince physical and/or chomical trauma 

j 

associated with the exposure of the microorganism frorn i t s  locatiori within 
the solid may result in a lack of ability to demonstrate the organisms' 
viability by culture methods. Thus, culture methods have loiig been cs tab l i shd .  
as useful methoc's for the detection of viable n.icroorgaiiisms and therefore 
will be used in Fhases TI, TTI, and IV. 

B, Electron Spill Resonance 
Electron spin resonance spectrometry iiivolves the absorption of 

incident energy (usually in the microwave region) b y  unpaired electrons 
(free radicals) under the influence of a magnetic field. Electron spin 
resonance measL res the magnetic moments of unpaired electrons and are 
somewhat analoc,ous to the vibrational-rotatior,al transitions in other forms 
of spectroscopy, Because free radicals occur in the process of metabolic 
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activity within ce l l s ,  this technique was studied t o  determine its potential 
successfulness  as an independent means of assess ing  the presence of microbial 

contamination in  solid materials. Indeed i t  was found that differences 
existed between viable and nonviable microbial cells. Unfortunately, the 
order of magnitude of such differences is not sufficient to  differentiate 
between other free radicals which may occur in  a variety of nonliving solid 
materials (both organic and inorganic) of a wide variety of types. Since free 
radicals cannot be distinguished from those generated by small numbers of 
living microorganisms and inanimate solid particulates, this method was 
not considered to be of sufficient usefulness to  warrant further investigation. 

C , Nonfluorezznt  Staininq 

The cell w a l l s  of micrcorganisms contain chemical functional groups 
which vary in  the nature and distribution of electrical charges. A wide 
variety of microbial s ta ins  adhere strongly to the  cell walls and in some 
cases  to the  cytoplasma constituents of microbial cel ls .  The specifi ty and 
the degree of such staining is dependent upon the specific nature and 
distribution of t h e  charge groups within the cel l  wall and the cytoplasm. 
In the appl icai im of this tool for the detection of microorganisms in sol ids ,  
it is essent ia l  that the organism exposed from the solid be easi ly  differentiated 
by microscopy f rom the debris. Not only is it of importance to determine the 
presence of microorganisms, but it is of greater usefulness todetermine whether 
these’niicroorganisms are viable or nonviable. Spores of E. subtilis var. nicyer, 
Clostridium sporogenes , and Ulocladiurn were obtained and their viability 
assessed  b y  cultural methods. An aliquot of elich of these microorganisms vras 
subjected t o  the killing effects  of dry heat,  autoclaving, exposure to ethyler,e 

oxids, formaldehyde and chlorine gas.  Subsequently, both the viable and 
iionviahle organisms were stained and examined microscopically. N o  differences 
were noted of sufficient magnitude to distinguish between viable and nonviable 
microorganisms . 
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D. Fluorescent Staining 
A number of fluorescent dyes bind strongly to microorganisms. When 

these  microorganisms are examined under a micros copc equipped with 
suitable opt ics ,  the background may be adjusted such that it appears 
uniformly black while the outlines of the microorganisms present a bright 
fluorescence. Thus, it would appear that this technique would be more useful 
than the nonfluorescent staining techniques since there are fewer interfering 
and confusing structures in  the background, This method is only uscful w'ncn 
the solid material and other debris from the pulverized solid do not possess  
chemically charged groups which bind the dye. In the latter case the solid 
as well a s  the m.icroorganism would show fluoi-escence and the method 
would be use l e s s .  

E .  AutoradiograPhy 
During the process of pulverizing solicl materials I structural damage 

to the cell wall  2nd the cytoplasm may take place. The effects of impact, 
drilling, crushir.g, and cutting may structurally a l ter  the cel l  in  such a 
manner that cell division may not be possible.  Indeed in some procedures 
where pulverizalion is allowed to proceed to  extreme l i m i t s  the microorganic m s  
may be fragmentsd. In order to derrionstrate 
microorganisms it is necessary t o  utilize methods which are capable of 
demonstrating viability which do not depend 0'1 cell division. The incorpora- 

i 
:he possible viability of such 

' tion for radioactivity tagged weak beta emitting isotopes provide a means 
€or determining potential cellular viability. T:ie presence of the tagged 
metabolite may ?-hen be determined by  the use of radioautography, The lattcr 
technique uti l izes a sensit ive f ine grain photcyraphic emulsion which is 
sensit ive to weak beta emitting radiation. Weak beta rays interact with the 
photographic emulsion to produce opaque silver grains in a rnanner somevlnat 
analogous t o  the effects of light or photographic emulsion. 

The presence of grain patterns which are confined within the ogtiincs 
of the microbial cel l  or fragments thereof would provide evidence of microbid 
contamination i f  adequate controls are included. When the opaque silver 
graln pattern develops i n  regions outside the cell wall area,  it is possibly 
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due t o  absorption of the radioactive metabolite by the solid or inadequate 
washing. The resolutfon of this method is highest with the weakest forms 
of radiation capable of activating the silver particles i n  the emulsion e 

Also resolution is depcndent upon the distance between the  microorganism 
containing the radioactive metabolite and the rhotographic emulsion e 

Spores o l  R. subtil iq var. - -  niger were irxubated with solL1tioi~s containing 
tritium labeled thymidine. In this experiment it was found that as many as  
three weeks of exposure of the microorganism to the tritium labeled thymidine 
were required to provide weakly positive results e The latter experiment 
was conducted on g lass  s l ides  so  that emulsion-organism distance was 
optimal. It is a2parent that i f  this experiment had been conducted on a 
pulverized solid previo&ly inoculated with mixoorganisms , the loss of 

resolution would likely have been sufficient to provide no reliable evidence 
of microbial 1abc:ling. Therefore, this method is not suited for the a s s a y  of 
viable or potentially viable microorganisms in solid materials. 

Thus I it appears that  of the methods dfscussed, culturing represents 
the  most useful and accurate method for the assessment of viability. Under 
certain conditioiis fluorescent staining may pr >vide evidence of the presencc? 
of both living arid dead microorganisms and may have limited application for 
determining microbial contzmination . None of the other methods show 
promise for potential usefulness. + 

$ 
i 
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PHASE I Studies on Various Methods for the Detection of Viable 
Microorganisms Inoculated into Solid Materials 

The objective of Phase I is to  determine the effectiveness of a 
variety of methods for detecting viable cells. The following methods 
were explored in order to determine their possible usefulness as  select ive 
methods for detection of living microorganisms: culturing , electrophoresis , 
staining, a:itoradiography, and electron spin resonance. Since in the 
detection of viable organisms each metliod which could be applied might have 
specific advantages and disadvantages , it woiild be useful t o  have several 
independent metnods for detecting viability, ‘.:he detection of organisms 
by culturing is t h e  most frequently used method of those l isted.  However, 
a devitalized cel l  may not grow under a specific set of cultural conditions 
and yet under other more ideal conditions may be capable of such growth, 
Thus, detection of viability by some other methods would be extremely 
useful. The potemtially useful methods other than culture that were 
investigated in ihis phase include electrophor :sis 
electron spin resonance. 

autoradiography, and 
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I. PHASE 1. STUDIES ON VARIOUS METHODS FOR THE DETECTION OF 
VIABLE MICROORGANISMS INOCULATED INTO SOLID 
MATERIALS 

A. CULTURING 

1. Introduction 

a,  Recovery from Solid Materials 

The nature of solid substances impose:; certain restrictions on the 
detection of microorganisms present within them Microorganisms distributed 
on the outer surraces are not as difficult to detect because of the availabi1i;:y 
of nutrients and lack of physical restrictions for cellular division to  take 
place. Organisms located in the internal regions of solids must be  freed 
to the extent th2.t they are available for microscopic or cultural detection. 
The methods employed to achieve this may involve the use of one or more 
of the following principles: (1) dissolving in suitable solventl and (2) 

pulverization 

In the ccse where the solid is dissolved, the theoretical likelihood 
of detecting contamination by microorganisms m a y  be rather high, A major 
deficiency of this method is the toxicity of most plastic solvents t o  the 
microorganisms. Although it may be possible to detect the presence of such 
organisms, the likelihood of their demonstration in culture may be extremely 
low. Organic solvents are commonly used to disrupt permeability of micro- 
organisms, and it would be anticipated that this generally takes place in 
the process of dissolving solids The most useful application of dissolvinl, 
techniques would seem to  reside in microscopic scanning of stained residue 

'obtained f r o m  the solubilized solid. Unfortunstely, however, most solids do 
not redis solve following polymerization. 

b, Nitrogen and Carbon Compound Requirements 

Detectic-n of viable microorganisms by virtue of their capacity to grc.w 
is one of the most useful  methods for assessing sterility. The ability of 
the microorganism to assimilate nutrients from the culture medium, to convert 
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these nutrients to energy and structurzl materisls for the cell, to  maintain 
the cc11's internal environrnerit, and finally the ability of the cel l  t o  divide 
and provide viable daughter cells represent thc requil-cments for cultural 
methods. 

6arbon dioxide, and an incrqanic source of niirogen e Others require only 
a single simple form of carbon compound arid utilize nitrogen from the 
dtmosphere in place of more complex nitrogen compounds 
end of this spectrum are microorganisms which requlre vitamins 
seventeen natura!. amino acids  and cvm traces of as  yet undefined gl*cwth 
promotion substances , 
iwo extremes 

1. 

Some bclcteria require only the presscace of certain trace minerals, 

On the opposite 
all 

Most microorganisms l j  e somewhere batwecn the 

& ,  6: - . . rowth Phases 
-. - I  .. .. . . . . .  . 
Mh-oorgunis n?s pass  through SLY distina'i phasas in  their cultural lifc 
~. 

Ti .  - .. 
k y d e ;  in  &e first  phzse cel l  division does not occur; however, the o rgan l sm 
may increase in s i ze  and accunulate  nretabolitcs. This condition exists in 
he. l&cj phase (Fi:iGre 1-1) 
.. . 

I . ^ . . _ , _  
A period of increasing growth rate takes place in 

&. , *  
?-o; ., r - ? '  - 

@;T..r-' . . .  
;IC or 'la(:Celeratio:i" phase. The orcjar:isms during this phase of 

rbwtli &kk Sivlding a t  a more rapid rate than dliring any of t5e other phases e 

r:--,:- . ~ . . .. . 
The logdrithmic ghas r? is characterized bs7 a constant ci- exponential gr.owth 
rate Mnich is &lowed by the retardation phase in vdnich the growth rate 
is decreasing. The stationary phase is characterized by a s teady  s ta te  
Situation in vihich the rates of cell division an3 cell death are a ~ q x o x i m a t e l ~ '  
b&ivnlent, kini.lly, there is a phase of decline in which the  nurnber of ce l l s  
c* . - . - - . - . 
dying exceed thkse  dividing 

. .  . - - . . _ . . .  ~ 

, .  _..- r _  

- . . . .  - .  .. 

. .... . 

4.. 'Concentration 01 Nutrients , Ionic Strength arid Salt Concentration 

The effects of concentration of nutrients on the rate arid extent of 
;growth arc depicted in 'Figure 1-2. Ideally in the absence of toxicS ty  growth 
media should coiitain such large excesses  of growth factors and metdbolltes 
'that the extent of groT:Ah is not limited by theij- concentration. 

Microorganisms are also capable of surviving under extremes of 

:physical and chemical environments. I-Ialophilic organisms , for example, are 
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/ 
\ 

Growth Rate 

Tncrea s ing 

__I_- 

-_ Section of Cjirve Phase 
1 LCig Zero 
2 A c  c e I. era t i  on 
3 Log a r i th m i c Constant 
4 Retardatio? Decreasing 
5 Stationary Zero 
6 Decline Negative 

(more cel ls  dying 
th a n re pr oduc i n y ) 

Figure 1-1. Growth Phases and C ell Concentration 
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- 
Concentration of nutrient (C)  

. Figure 1-2.  Concentration of N u t r i e n t s  
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capable oi growing in concentrated sa l t  solutions. Some of these organisms 
have an absolute requirement for high sa l t  concentration for growth. This 
environment generally decreases or inhibits the rate  of growth of most other 
microorganisns. A wide variety of bacteria, on the other hand, do  not grow 
well in the  presence of 'even moderately low concentrations of salt. These 
organisms by virtue of their decreased tolerance to ionic strength may require 
extremely dilute growth media ' The vast majority of microorganisms are ab13 
to  grow at ionic strengths somewhere intermediate t o  these extremes. 

)< . 

e. pH and Physiological State 

An equal?,y important consideration is the pH of the growth media. 
Certain specia1i:ced bacteria are capable of withstanding the effects o f .  
and grow in the presence of strongly acid solutions. Organisms which 
oxidize sulfur to sulfuric acid are capable of crowing in  ai1 environment 
which is strong1.y inhibitory t o  nearly all other microorganisms 
opposite end of this spectrum are bacteria and fungi which accunulate  bas ic  
substances in the course of growth or metaboljsni. Intermediate between 
these extremes Ere organisms which grow optimally a t  pH's in the vicinity 
of neutrality. N any of these organisms when growing anaerobically accumuhte 
lactic acid as a terminal metabolic product. This accumulation causes  a 
rapid progressive decrease in the growth rate. Likewise, organisms under- 
going alkaline iermentation may eventually att3in such  a high pH that it 
interferes with g:owth. In these instances thE presence of suitable buffers 
would r e s i s t  such pE changes. 

A t  the 

i 

The pF1 of culture media is important a s  certain organisms grow only 
within certain limits of acidity and alkalinity. Most organisms seem t o  
grow best at or around the neutral point pH 7 . O r  but there are those which 
require a very acid pH. For example, certain fungi prefer pH 4.0-5.0, 

and Thiobacillus thioxidans is active at pH 1.0. Erevibacterium ammonias, 
responsible for mapkinrash in babies grows best  at pH 9.0. 

Sometimes advantage is taken of the ability of an organism to  grow 
at an unusually high or low pH in  order to  isolate it. The media used in 
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recovering the Cholera vibrio from stools are made at PI-I 9 .0 ,  which 
permits the growth of the vibrio but inhibits that of most of the other 
organisms in feces. 

The accumulation of toxic products results in a physiological 
condition in whish the organism remains viable, but reproduces only after 
a prolonged lag period, After such  organisms have been allowed t o  remain 
in a resting s ta te  with very small quantities of nutrients for prolonged 
periods of time a similar s ta te  of disability ex is t s ,  This condition in either 
case  is called the ” staleing phenomenon .I‘ Such organisms are often more 

resistant to the effects of killing agents than organisms from the logarithmic: 
phase of growth (Figure 1-3) 

f ,  Oxygen Tension 

Some microorganisms are poisoned by the presence of oxygen in their 
environment. These organisms are called obligate anaerobes and, for the 
most part, are spore formers. In the spore stage the organism is highly 
resistant to  the effects of dessication, oxygen tension, temperature, pH 
extremes , physlcal and chemical trauma. Conditions favorable for the 
proliferation o€ the vegetative form of these ojqaniszns, require that the 
oxygen be extremely low. A wide range of organisms are capable of growing 
under strictly apaerobic conditions even though these conditions may not be 
optimal, Such organisms which can grow in the presence of oxygen a s  well 
are called facultative anaerobeso At the far end of the spectrum are obligate 
aerobes which crow well only under high oxygen tension. These organisms 
are found in abLndance in nearly all aerosol and soil  environments. 

g .  Temperatures 

Microorganisms grow optimally in temperature ranges between 2 0 and 
40 degrees centrigrnde. Those organisms which proliferate in soi l  often 
show a growth optimum in the vicinity of 2 0  to 25 degrees centigrade. 
whereas those found in  the environment of mammals show optima between 
35 and 40  degrees centigrade. Certain organisms, however, grow optimalllr 
at temperatures hiGher than 40 degrees centigrade. These are thermophiles e 
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Not only can they grow a t  higher temperatures in the vicinity of hot springs 
arid geysers,  but they also show resistance to the effects of much higher 

temperature ranges. 

Virtually a l l  microorganisms can withstand low temperatures and even 
freezing for varying periods of time. Even though some organisms may be 
destroyed by the formation of ice crystals tvitk'in their cell  walls or by 
shearing effects of ice  crystals a s  they are foi-ming in the media, a significant 
percentage of all strains of microorganisms can be recovered following 
exposure to  such temperatures. 

Nearly a i l  rnicroorganis ms can prolifer(3te in liquid medium, although 
some grow well in  the presence of very small (JLiaixtities of moisture. The 
presence of moi: ture is particularly important when considering temperature 
effects on microcxganisms. Resistance of spores to  heat in high moisture 
environment is not nearly as great a s  that obscrved in the dried s ta te .  A 
well known protein, ova albumin, may be heated to  1 7 0  degrees centigrade 
in the dl-ied s ta te  without becoming denatured. However, in the presence of 
water this protein is rapidly coagulated a t  7 5 degrees centigrade A second 
factor in heat resistance is manifested by the presence of colloidal 
substances.  I t  :;s well known, for example, that the temperature required 
to ki l l  lactic acid bacteria is markedly increased in cream or milk, a s  
contrasted t o  water. I t  may be noted that the volume of most bacterial 
spores is roughly equivalent to one-tenth that of the vegetative form. 
This suggests that one reason for heat resistaiice exerted by the spore may 
be due to  the concentration of the vegetative cytoplasm into a volume one- 
tenth that of i t s  original volume, and hence a bio-colloid heat stability may 
be part of the explanation. Increased concentrations of calcium ion in the 
medium likewise leads to  added heat stability. Tt has  a lso been shown that 

I 

fatty acids added to  the growth medium help to impart increased resistance 
to  heat. 

2. Discussion 

a. Limitstions 

The niajor limitation of culturing methods for determining sterility of 
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sol ids  is that it measures only the abil i ty o€ the organism to  reproduce and 
does not measure its abil i ty t o  metaboUze independently o€ reproduction. It 
is conceivable that microorganisms can persist  in solid materials for 
prolonged periods of t i m e  and yet €ail t o  be detected by cultural methods 
because of deficiencies in  the composition of the growth media, the procedures 
used to detect  growth, the improper temperatuie or pH range, the  presence of 
growth inhibitors which may be associated wit? the solid,  OT nonoptimal 
pulverization. 

I .  

b. Requlrements of Growth Media 

Most commercially av-ailable culture media contain partially 
hydrolyzed protelns peptones, and/or purified amino acids e Likewise,. 
most of these  media contain adequate quantitios of vitaanifis e The growth 
media for any  particular organism, however, may not be optjrnal In its 
concentration for any single constituent, It Is possible for the media t o  be 
adequate in  a l l  constitu-ents for most mim-oorganisms and yet be marginal 
or deficient for E. particular organism, Similarly, the growth of some 
organisms may b3 strongly inhibited by the presence of large quantities of 
certain media constituents , 

Organisms which have been subjected to physical or chemical injury 
may  lack the capacity for growing f n  an  adequate medium due to cellular 
damage, This damage may be reversible in thr: case of exposure to a 
variety of chemical disinfeetants (hexachlorop'iene and quaternary ammonia 

. compounds). Ths latter two agents can inducc sufficient damage to prevent 

the growth of a vdde variety of microorganisrris. The effects of this damage 
may be reversed by adding polyoxyethylene so-bitan mono-oleate and 
purified soybean lecithin i t  is believed that these substances are  assimilated 
by the injured organisms and that they reconstitute the damaged hydrophilic-- 
hydrophobic cell membrane interface. Likewise, it i s  known that certain 
substances may be added t o  the growth media of microorganisms inhibited 

by ionizing radiction and that subsequent growth takes  place,  Little work 
has  been done 011 attempts t o  reverse the effects of heat  on microorganisms. 
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Although there are good theoretical grounds t o  support the view, at least 
some heat damage may be reversible. 

c. Procedures Used to Detect Growth 

The most common method of observing the growth of microorganisms 
is dependent upon visual  perception of turbidity, pell icles 
floating particles 
microscopically, This means of detecting growth is inadequate when such 
growth is slow or abortive. Detection precision can be increased by 
centrifuging fluid cultures which otherwise do not show growth , and examining 
microscopically the stained sediment. 

colonies , or 
Usually such materials are stained and examined 

B, ELECTRON S?IN RESONANCE 

1. Introduction 

Electron spin resonance spectrometry represents an application of a 
physical method for the study of biochemical phenomenon e Electron spin 
resonance involves the absorption of incident energy {usually in the micro- 
wave region) by  unpaired electrons under the influence of a magnetic field. I 

a.  Theory of Method 

Magnetic resonance is the phenomenon of inducing transitions 
between unpaired electrons of differing energy levels. These energy 
transitions are malogous t o  vibrational-rotational transitions in  other forms 
of spectroscopy, Electron spin rssonance is concerned with the magnetic 
moments of unpEdred electrons 
charged create a magnetic field. The energy generated by this magnetism 
can be detected and measured in a magnetic field. If this spinning activated 
electron is a l so  subjected to  another magnetic field which is a t  right 
angles t o  the main magnetic field that is created, but which is pulsating, 
then the frequency of the pulse becomes the s a m e  as that of the frequency 
of precession. Then inferaction will occur which will change the electron's 
orientation. When this change occurs energy is absorbed. This absorbed 

Electrons s p i i  like tops and being electrically 
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energy is detected in an electron spin resonance spectrometer. 
) 

b. Existence of Free Radicals in Living Systems 

The f i rs t  evidence tnat unpaired electrons associated with free 
radicals of meta1)olic origin were reported in  freeze-dried samples of 
microorganisms , plant, and animal t i s sues .  
concentration of most microbial systems is very low (on the order of L O  
to M) extremely sensi t ive instrumentation is required. The volume of 
most electron spin resonance detection containers is on the order of 0.1 to 
0.3 c m  . Electron spin resonance studies of oxidation reduction enzyme 
systems provide a possible means of detecting enzymes. Michaelis in 
1940  suggested that although many enzymatic 2xidation reduction processes 
appear to  involve two electron transfers , electrons are actually transformed 

Because the free radical 
-7 

3 

one at a time after the first  step.  

Carefully detailed electron spin resonence investigations of succinc 
acid dehydrogenase have been particularly use iu l  in providing information 
regarding the  role of free radicals in enzyme catalyzed processes (Figure 1-4). 

Major soilrces of unpaired electrons in living systems include: 

I) Respiratory enzymes 

a) flavins (flavin mono nucleolide, flavin adenine 
di nucleotides) 

cytochromes b, bl , C,  C1, a,  a 3 
b) 

c) hemoglobin, myoglobin 

2) Metallofl avo proteins (succinic acid dehydrogenase, anthine 
oxidase I aldehyde oxidase c nitrate reductase, sulfate 
reductase , aldehyde reductase) 

3) Enzymes concerned with photosynthesis 

In addition, an excited electron may travel through a continum of 
fibrous proteins. It has  been suggested that :uch proteins may link the 
insoluble outer fibrous proteins with the insoluble oxidation enzymes of the 
cell e Desoxyribonucleric acids (DNA) a l so  may contain excited electrons 
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Figure 1-4. Free Radicals Formed by 
the Acid by Sirccinic 
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following excitation. Biological systems carrying out either oxiditive or 
reductive pathways would thus create a s teady s t a t e  stream of unpaired 
electrons. A s  would be expected when the living organism is no longer in the 
living s ta te  where unpaired electrons would be found e Unpaired electrons 
appear to  be essnnt ia l  components of living organisms by virtue of their 
necessary role in biological oxidation and reduction mechanisms. 

Other types of systems exist in which paramagnetic electrons may 
be demonstrated. Wool represents a material produced by a living system 
but which is a nonliving t i s sue  and following- electrical  or light excitation, 

* contains unpaired electrons e Szent-GGGrgyi in 1946  described the presence 
of impaired e1ec':rons in gelatin dyed with various ionic dyes.  The paramagnetic 
spectrum of hemoglobin is shown in Figure 1-5. The spectrum of the amino 
acid glutathione is shown in Figure 1-6. 

2, Methods 

In a n  exploratory test t o  determine whether the effects noted by 
Heckly and Dimrnick might occur in other type:; of cells, the following 

i s teps  were taken. Spores of B. subtil is  were placed into each of several 
quartz tubes.  These tubes were 9 inches long and 2 mm in diameter in order 
to fi t  the sample holder in the Varian EPR spectrometer. The tubes were 
sealed on one end but open to the atmosphere on the other. Except for 
those in one tubs,  the spores had been dried from suspension in acetone 
and were in  the form of dry, unground, lumpy powder, They numbered 
2.5 x lo1' spores per gram of dry powder and each tube contained about 
0.1 gram of them. From the original container, the spores were sifted into 
a steri le beaker suing a steri le fine-mesh screen sieve. By means of a 
small g lass  funnel they were then transferred into the quartz tubes.  Yeast, 

9 in  the *form of dry active cells (Fleishmanns baking yeast) (approx. 5 x 1 0  
cells) were similarly dispensed into quartz tubes. 

Using a disposable g lass  s'yringe, 0.1 m l  of the liquid phase of each 
of the biocides; ethylene oxide, ethylene i m i n e  I acrolein acetone or  
peracetic acid (40%) was placed on top of the organisms in the tube. 
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Bovine Hemoglobin a t  7 7 O K  

100 KC Modulation 

4 g  P - P  

Figure 1-5. First derivative trace of paramagnetic resonance 
absorption developed in bovine hemoglobin after 
ultravioiet irradiation a t  77%. Only the weak 
pre-irradiation absorption could be detected in 
this sample when it was warmed to  room temperature. 
H field was approximately 0.07 gauss .  1 
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Reduced Glutathione a t  
Room Temperature 

Figure 1-6 .  First derivative traces of paramagnetic resonance 
absorption in reduced glutathione. This compound 
is a tripeptide composed of glutamic ac id ,  glycine 
and cysteine.  This compound, in  the form of a dry 
powder, was placed in  a tube and the tube was 
evacuated in an attempt to  remove oxygen. The 
tube was then sealed and the compound was cooled 
to 7 7 O K  and irradiated. with ultraviolet light. 
the absorption measurements a t  7 7 O K ,  the 1 0 0  KC 
modulation amplitude was 0 . 6  gauss  peak-to-peak 
and  €1 
the 1 Ob KC modulatior was 2 .0  gauss  peak-to-peak, 
the HI  field strength -vas unchanged. 

During 

approximately 0.15 gauss  a t  room temperature, 



3 ,  Results 
> 

The bacterial spores with and without ethylene oxide, chlorine, or 
ethylene imine gave a very strong signal (in escess of 1 millivolt). The 
yeast  gave a weak signal which was the same whether or not they had been 
treated with biocide, Heating the tubes gently produced a darkening of the 
contents and a n  increase in signal. This same effect of heating (charring) 
occurs with suga -  , however. 

4. Discussion 

A vast variety of.mater1als derived from nonliving sources are a l so  
known t o  have unpaired electrons. Riehl (1.955, 1956) has considered 
the energies,  e .  , to  transfer an electron from a nolecule in a crystal  
latiice to  its nearest  neighbor in the latt ice,  and 6 t o  transfer an electron 2 
from a molecule t o  a distant s i te  within a latt ice.  These quentited accordilig 
to Lyone (1957) are: 

. 

A e l = I - A e  2 / r - P u  

= I - A  - 2Pi  

Here I is the ionization potential, A t h e  electron affinity of the 
molecule in vacuo, e/r is the Coulombic energy of the ion pair, Py the 
polarization of the crys'c'al due to  the ion pair, and 2Pi the polarization of 
the crystal  due to the separated ions. Due to the vast range of possible 
compound crystz Is and types of interactions in electronic components and 
component matei.ials , i t  would be expected thtit paramagnetic signals could 
occur in nearly any range and could obscure signals found from living cells 
(due largely to  paramagnetic species  of carbon oxygen, sulfur, nitrogen, 
copper, iron, molybdenum and zinc). 

5.  Conclusions 

Clearly, ESR, if it were effective in detecting the presence of living 
organisms in s 03 id materials I would offer the '?os sible  advantage of non- 
destructive testing * Unfortunately, however , i t  is not possible t o  reliably 

21  



distinguish between living spores and dead spores,  living yeasts and dead 
yeasts ,  or even charred material from living material. The difference in 
EPR signal ernplitude in rapidly metabolizing slowly metabolizing and 
dead cells is not sufficiently large to provide data which would be useful 
even as a " screening" method. 

Many solids derived from purely nonliving matter provide strong EPR 
signals.  Examples of these  materials are: 

diphenyl picrylhydrazine 
phthalocyanine 
anthra c e r t e 
dimethyl aniline-bromanil complex 

In addition t o  the compounds on this l i s t  are many others including 
plastics mixed with metals . 

EPR spectroscopy would not be useful as a method for the detection 
of living (or even nonliving) microorganisms i n  solid materials I 

C. STATNTWG 

1. Jntroduction 
i 

a,, Theory of Methods 

A wide range of dyes are available wh.ose staining characterist ics on 
microorganisms have been investigated. The ])inding affinity of the s ta in  
for the microorg5 nism may reflect discrete and sometimes relatlvely specific 
chemical bindins sites on the cell wall or cytoplasm of the organism. For 
example I Alican Blue is a dye which binds to  acidic  substances and is 
useful for showing the presence of acid mucopolysaccharides. A wide 
range of other dyes characterized by relatively strong and nonspecific 
staining properties are well known. The latter category includes most 
bacteriological s ta ins  I examples of which are methylene blue Azure I1 
Gentian violet ,  and most of the triphenyl methane dyes.  During the course 
of staining by  these dyes,  microorganisms are usually rendered nonviable 
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As a rule, those organisms which are not stained by a particular dye 
may have ce l l  walls which are protected by fatty or waxy coats ,  or the 
electrical charges on the dye molecule may be similar to that of the cell 
wall of the unstained organism and electrostatic repulsion prevents the dye 

from binding t o  i t .  

b, Poteritial Use with Solid Materials 

When bacteriological s ta ins  are interacting with microorganisms , the 
binding afiinities of the dyes for the organism:; become highly critical. If 
the  affinity of the dye for the microorganism is higher than that of the solid 
fragments of the materials, contrast will be apparent 
highly important and should under idealized conditions result  in a n  unstained 
background of solid fragments and intense character istic staining of the 
microorganism. Theoretically one of the methl3ds which could be applied 
to provide such staining characterist ics involve the incubation of the 
pulverized solid with very dilute stain solutio:,i e When the microorganism 
binds the s ta in  and the background of solid material fragments do not s ta in ,  
the presence of nicroorganisms may be established, A second type of approach 

This contrast is 

may be used in  which the pulverized solid is treated with a more concentrated i 

s ta in  with the object of obtaining maximal staining of microorganism even 
though the pulverized sol id  fragments may s ta in  intensely. This over- 
stained material may then be destained by treatment with a solvent in which 
the  dye is very soluble, In some cases  destaining may be accomplished 
by treatment with ether, acetone or other nor aqueous solvents,  Another 
approach to deslaining is to  use  acid or a1kal:ne solutions which reverse 
the binding of tI-,e dye t o  the surface of the solid pilrticles, thus facilitating 
its removal with the solution leaving the microorganisms selectively stained 

One of the major lirnitations of dye staining technique is that the 
microorganism must possess  a characteristic siruciure in order t o  differentiate 
it from stainable debris. Artifacts would thus obscure organisms which are 
distoited or which do not have distinctive shapes.  Fungal elements and 
yeasts are usua'Jy less difficult to  distinguis'i because of their more easi ly  
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distinguished intracellular detail and the presence of a well developed 
cell wall, 

2, Methods 

A mixed inoculum of Serratia rnarcescens Bacillus subtilis, 
Clo-stridi& sporogenes and Ulocladlurn was iiioculated into solid rocket 
propellant and a solid epoxy plastic niaterial (Marasst*). The inocula in 
both cases consisted of 1 0  

‘plastic. The solids were pulverized by sawing with a hack saw type blade.** 

3 3 of each organism,/cm of the propellant or 

Approximately 1 0 0  mg of each of the solids were stained using 
the following stains: 

1) . Gram stain 
2) 2.0% methylene blue 
3) Alfcan blue 
4) Carbo1 fuchsin 
5)  Malachite green 

Destaining was attempted with the following solvents: 

1) Water 
2) 2% in water 

3) 
4) Chloroform 

Ace toil e -a lc ohol 

Each of these destaining solutions were visua‘lly controlled by microscopic 
observation. 

3 .  Results 

The backgrounds of the stained specimens were unsatisfactory in all  
cases. T t  was not possible in most cases to  clearly differentiate the 

*Marblctte Gorp. 37-31 30th St. ,  Long Island City,  N .  Y. 
**BladeNo. 1218-3, Clemson Bros., Tnc. 
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spores from the background debris. The appearances of the stained organisms 
are shown in Tables 1-1, -2,  -3 e The background consistently was nonuniform 
in appearance. The conidia (spores of fungi) could be seen and differentiated 
in  all stained preparatioiis; however, scanning was tedious and many 
stained fragments could not be unequivocally distinguished from debris. 

The propellant was opaque and stained intensely, Destaining did 
not lead to imprmemeiit of microscopic detection of microorganisms, The 
staining methods as applied in this s tudy were not useful in the detection 
'of microorganisms in solid propellant 

4 ,  Discussion 

Staining methods are useful for detect  tng microorganisms under. 
certain specified conditions If the backgrou:nd of the microscopic field 
is sufficiently miform they may be eas i ly  differentiated from the debris. 
Tn the process of pulverizing solid materials, fragments of various s i zes  
and shapes and possessing varying optical praperties generally obscure the 
outlines of microorganisms and increase incidence of arhifactitious inter- 
pretation is possible . 

N o  differences were observed between stained viable and nonviable 
spores of B. suStilis. 

5, Conclusions- 
f 

Staining of pulverized solids using a variety of bacteriological stains 
was relatively ineffective for dernonstrating tlie presence of bacteriological 
spores.  Less  difficulty was encountered in  s 3 m e  instances in the Maraset 
plast ic  of detecting fungal hyphal and conidisl structures than with the 
bacterial spores. Detection of microorganisms by staining of propellant 
was more difficult than with stained Maraset plast ic ,  

1 
I 
I 

Staining with the s ta ins  u.sed in this study did not result i n  detectaj le  
differences between viable and nonviable orgiinisms , 
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D. FLUORESCENT STAINING 
, 

1. Introductizi  

a ,  .Theory of Method 

Using llght microscopy and nonfluorescent dyes the background of 
the microscopic field is bright and con’sains the detailed and confusing 
outlines of opaque or semi-opaque solid fragxents which may or may not 
s ta in  the same color as the organism. 

Microoiganisms may be detected within so1id.s more readily by the 
use  of fluorescent sh in ing .  Organisms stained with a fluorescent dye may 
be visualized rnicroscopically using an ultrsviolet light source The number 
of fluorescent dyes which have proven s a t i s f x t o r y  for the staining of .micro- 
organisms are much smaller than those nonfluorescent dyes used for routine 
bacteriological staining purposes However, there are distinct advantages 
to the use  of ultraviolet fluorescent microscopy. The fluorescent light 
so’xce system may be  adjusted t o  provide a nicroscopic background field 
which is essentially black. The particles of solids which do not take up 
the fluorescenl stain therefore would not be -7isualized. Ideally, the back- 
ground should be as nearly black and uniform a s  possible. The organism 
which has  taken up the fluorescent dye would appear a s  a bright fluorescent 
structure against  a contrasting dark or black field. This, of course, 
facil i tates the task of detecting small numbers of organisms in a pulverized 
sample. 

I 

Ideally, in the evaluation of the con;amination level of solid 
materials, staining procedures should be abie to detect  relatively small 
numbers of viable ce l l s ,  prefcrably a s  few as one 
indicate that the ultraviolet fluorescent technique should be best  suited t o  
the job. For this reason, most of the literature survey and the subsequent 
experimental work emphasizes ultraviolet fluorescent techniques. 

Such requirements 

b. Dir’ferentiation Betwaen Living and Dead Cel ls  

1 

Very few reports were fomd  in the literature in which the use  of 
s ta ins  or dyes to distinguish viable from nonviable microorganisms was 
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described. Only one was found that was directly related to viability of 
microorganisms (Meisel 1961) 

primuline, could be used t o  distinguish between living and dead micro- 
organisms. The report of the experimental. procedures was somewhat brief 
but it did state that dead cells fluoresced much more intensely than did 
l ive ones. This effect was demonstrated by using live organisms in the 
dye on a microszope s l ide and heating the sl ide while it was under ob, c ewa- . 

tion. A s  the  heat  killed the cells they sho~7ed intense fluorescence. 
'The effects were reported for vegetative ce l l s  

Meisel reported that the fluorescent dye 

Several investigators have reported that differentiation betwem 

living and dead cells , other than microorganisms I was possible with the 
fluorescent dye. acridine-orange. Yurtsev (1 360) used the dye t o  determine 
pollen viabil i ty in certain cereals Vinegar (1 956) reported differential 
staining of living and dead ascites tumor cells. with acridine-orange. 
This dye h a s  been used t o  distinguish between cancerous and noncancerous 
cells and is the bas i s  for rapid screening techniques on cervical and 
vaginal smears. Van Niekerk (1 962) reported a procedure using acridine- 
orange t o  deteci pathogenic vaginal flora in v 3gins.l smears. Both bacteria 
and protozoa were stained by the dye. There are several  descriptions 
(Riva, 1962., Anon., Stain Tech., 1962) of the use  of acridine-orange for 
staining of t i s sue  sections and for exfoliative cytology studies.  While 
there were some minor modifications in a l l  the reported procedures using 
acridine-orarge, all used dye dilutions of from k5,OOO to  l : l O j O O O  in  an 
acid (pH 3 to 5) buffer. 

Oginsky and Umhreit (1955) point out *chat cells of certain microorganisms 
lose  acid fas tness  (stain not removable by ac;d solution) when subjected to 
mechanical damage. The possibility is suggested that loss  in acid fastness  
might a l so  be a consequence of loss  in  viability. One of the staining 
procedures for bacterial spores is based on an acid fast technique using 
carbo1 fuchsin (not a fluorescent dye). Auramine-0 is a fluorescent dye 
used to stain acid fast  tubercle bacilli and might be  useful in distinguishing 

between viable and nonviable spores. These spore-staining and acid-fast 
staining techniques are a portion of standard laboratory procedure (Conn 1937) .  
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Another potentially useful fluorescent material is the antibiotic, 
tetracycline e While not considered to be a biological dye this antibiotic 

is absorbed by niany types of cells and does fluoresce in ultraviolet light. 
This material has been used t o  identify growing bone (Hattner 1962)  debris 
in the region of cancerous growths (Milch 1961;  Vassar 1962), certain 
pardsites (Tobie 1960),  and the mitochondria of cells (DuBuy 1961) by 
the fluorescent technique. One theory of the action of the tetracyclines 
is based upon t h e  binding- of calcium ion (Anon., Chem, Eng. News, 1962), 

and action upon enzymes which require calcium similar to  that of some 
chelating agents.  Rieniarin (1 961) has shown that germination of spores 
can be greatly stimulated by the use  of chelating agents in the presence 
of the proper calcium concentration. It is possible that in the presence 
of calcium, tetracycline could act as a spore germination stimulant with the 
result that viable spores would have a greater uptake of tetracycline than 
nonviable ones.  T i  this were the case ,  a possibie staining procedure for 
distinguishing viable from nonviable spores might result. 

Other fluorescent biological dyes are available (Anon., Reichert, 
1963) for staining microorganisms, The fluorescence and absorption 

spectra for many of these dyes are available (Porro 1963) .  

c, Fluorescent Antibody Technique 

One of the fluorescence techniques which has  been the subject 
of extensive investigation since its introduction in 1 9 4 1 ,  is that of the 
flu,orescent antillody technique. Tn one form oE this technique, an antibody 
is prepared, in some appropriate laboratory animal against a specif ic  
microorganism. The antibody is labelled with a fluorescent molecule. When 
the labelled antibody comes in contact with the antigen (in this c a s e ,  some 
portion of the specific microorganism) the antigen-antibody reaction site 
is marked with the fluorescent label. This technique, a s  well a s  several  
modifications has been used successful ly  in  the rapid and quite specific 
identification of microorganisms. It is sufficiently sensit ive that a 
single microorganism can be detected. 
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2. Methods 

5. i ’ a .  Fluorescent Dyes 

The four fluorescent dyes selected for investigation were tetracycline 
(or one of its derivatives) , primuline, acridins-orange , and auramine-0. 
No  staining procedures using tetracyclines were found in the literature 
so that preliriiinz ry studies to develop an effective procedure were macle e 
Some exploratorlr experimentation with primuliiiz was also necessary. 
Procedures for acridine-orange and auramine-0 were taken directly from 
the literature. 

b. Staining Procedures Used 

_I T e triic ycl in  e ,, Two tetracycline ccfmpounds were selected for 
the initial screening tetracycline itself and dimethylchlorotetracycline* e 

The latter compound gave the stronger fluorescence.and was used in sub- 
sequent proceduresc A 1/3 fractional factorial design was used with the 
following factors being investigated a t  three levels; pH of the buffer used 
to dissolve the dye, CaC12 concentration I exposure time of the microorganisms 
@e suI3tilis SPOI-3s) to the dye-CaC12 mixture, and the pH of the buffer used 
to mount the coverslips on the s l ides ,  On the bas i s  of this expsriment it 
w7as found that the intensity of the fluorescence of the spores was neither 
dependent on the pR of the buffer used to dis’solve the dye nor on the CsG12 
concentration (including none) e There was a small effect of exposure time 
(one hour being best) ,  and a strong effect of the pH of the mounting buffer. 
Tn the latter cas (? ,  the more alkaline buffers wsre better, pH of 9.0 being 
the highest used. 

i 

A second experiment was performed in which the dye concerntration 
and the type of buffer for coverslip .mounting were the primary factors. 
Two buffer systems were used, one aqueous and one with glycerine. The 
results indicated that the concentration of the  dye was not a critical factor. 
The glycerine buffer (ph‘ of 9-0) was consideritbly better, however, than 
an aqueous buffer of the pH. 

*These materials were donated by Lederle Labaratories a s  Achromycin and 
De cl om y cin , res p e c t ive 1 y . 
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On the basis  of these two experiments, the following procedure was 

used: 1 

1. 

2, 

3, 

4. 

5 .  

6, 

(2) 
preparation 

Prepare an 0 5% solution of Declomycin in Sorensen's 
.phosphate buffer, pH of 7.0. 

To one m l  of this dye solution adc! three drops of a 8. subtil is  
spa:.-e suspension containing approximately 1 o9 spores/Iiil e 

Incubate for one hour a t  37OC. 

Centrifuge, remove, and discard the supernatant. 

Res.Jspend the centrifuged spores in glycerine buffer, pH 9.0. 

This buffer is prepared by adding 9.8 p r t s  of glycerine to 0.2 
parts phosphate buffer, pH 9,O. 

Place one or two drops of the suspension on a microscope 
slide,  cover with a coverslip, and examine with ultraviolet 
l i g h t  using oil immersion objective 

Prirruline, Meisei  (1962) gave very little information on the 
of the dye. Primuline is soluble In alkallne solutions and 

moderately insoluble in acid,  Two pH's, 7.0 and 9.0 I were selected for 
study and two primulina concentrations were used, l : l O ,  000 (one gram 
in 10 ,000  ml buffer) ar,d 1:100,000. Because of the relatively s m a l l  number 
of variables,  no preliminary experiments were made, The following 
procedure was  csed: 

1, Prepare four solutions of prirriulin3 of 1:10,000 and 1:100,000 

dilution of phosphate buffer, pH of 7.0 and 9.0, 

To one ml  of each solution add 3 drops of the spore suspensions 
9 being studied (approximately 1 0  

Incubate 30 minutes at 37OC. 

Centrifuge I remove , and discard supernatant. 

Resuspend spores in phosphate buffer, pH of 4,4. 

2, 
spores/ml) . 

3, 

4. 

5. 
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6 .  Place one or two drops of suspension on microscope s l ide,  
cover with coverslip, and examine. 

(3) Acridiiie-Orange. The procedure of Van Niekerk (1 962) was 
used and is as follows: 

1, Prepare smears of spore suspensicas  on microscope s l ides  and 

allow t o  air dry, 

2, Fix smear in 95% ethyl alcohol and diethyl ether (1 .l) for 

1 0  minutes 

Pass  s l ide quickly through rinses of 80, 70 ,  and 50% ethyl 
alcohol + 

3, 

4, Leave in disti l led water for 2 minvdes . 
5. Put in  citr ic acid-disodium phosphate buffer, pH of 3.8, for 

3 minutes. 

Stain in 0 01% acridine-orange in pH 3,8 Suffer for 3 minutes. 6, 

7. Put : n clean buffer, pH of 3.8 for 4 minutes. 

8, Mount coverslip w-ith same buffer, 

9. Examine. 

(4) Aurainine-0. The procedure of Richardson and Mil ler  (Conn 195:') 

was used and is as follows: 

1, Prepare solution ''A'' 

Auramine-0 (94% dye content) 0 , l  g m  

Liquifiec! phenol 3 ml 
Disti l led water 97 rnl 

2 Prepare solution "B" (must be freshly prepared) 

Ethyl alcoliol (70%) 
Conc HCl 
NaCl 

100 m l  
0.5 ml 
0.5 g m  
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3 ,  Prepare smears and air  dry. 

4 ,  Stain in solution "A" for 2-3 minutes. 

5 ,  Wash in tap water, 

6 ,  Destain in solution "B" for 3-5 minutes. 

7, Dry s l ide and examine with high dry objective. 

(auramine-0 does not fluoresce in solution) . 
c. Spore Suspensions 

Viable spore suspensions were prepared by dry R, subtiljs spores. 
Nonviable spore suspensions were prepared by exposing dry viable spores 
to ethylene oxid3, autoclaving , dry heat , and chlorine gas.  Viability 

' 

and nonviability were verified by culturing on Trypticase soy agar plates 
Final concentrations used for the staining procedures was approximately 
10 spores/mS b 

9 

d' Microscopy 

Ultraviolet fluorescent microscopy was performed using an American 
Optical binocular microscope equipped with a dark-field condenser. 
Objectives used were either a 43X high dry or a 97X oil immersion with an 

~ integral iris diaphragm. Oculars were 1OX. The light source was a Leitz 
Model 250 usin5 an Osram HBO 200 high pressure mercury vapor lamp. 
Filters available for the Sight source were a 4 mm red suppression filter, 
BG-38, a 2 rnm 'ieat absorbing filter, KG-1, a 2 mm ultraviolet fluorescence 
filter, UG-1, and a 3 mm blue fluorescence filter, BG-12. Available barrier 
filters were Wratten 2A,  2 B, 2C and 15G.  For all of the studies the 
following combination was used: 2 mm KG-I, and 2 mm UG-I lamp filters 
and a Wratten 156 barrier filter. 

3, Results 

a Tetriicycline 

The first experiment corripared the fluorescence of viable and 

35 



nonviable spores.  Duplicate s l ides  were used. Fluorescence intensity 
was judged semiquantitatively as -I- through ++-I-+. 

- 

Fluorescence 

++++ 
++++ 

- 

+++-I- 
++++ 

I-++ 
' +++ 

++++ 
++++ 

.4 

TABLE 1-4 

t 

Tetracycline Fluorescence of Viable and 
Nonviable Spores of E. subtilis var,  niger 

Spore Suspension 

Viable 

Autoclave killed" 

Dry heat  killed:':" 

Chlorine killedJ:-" 

Ethylene oxide killed 

.*spores failed to centrifuge 
*$:spores markedly distorted 

These re3ults indicate no significant difference between the staininc. 

i f  present, might be more apparent for short incubatior. 
of viable and noiviable spores.  Tn order to d e c k  the possibility that 
staining differences 
t i m e s ,  a second experiment was performed in which incubation periods of 

1 ,  5 and 15  minutes were used. 

36 



, 

Incubation T i m e  Spore Suspension - - ,.___I 

1 minute Viable 
Aut oc 1 av e d 
Heated dry 
Chlorine treated 
Ethylene oxide treated 

5 minutes Viable 
Autoclaved 
Heated dry 
Chlorine treated 
Ethylene oxide treated 

1 5  minutes Viable 
Autoclaved 
Heated dry 

Ethylene oxide treated 
1 Chlorine treated 

I 
L 

TABLE 1-5 
Effect of Incubation T i m e  on Tetracycline Fluorescence 

Staining of Spores of &. suhtil is  var ,  nige? 

Fluorescence 

++ 
++ 
+++ 
++ 
++ 

+i- 

++ 
+++ 
++ 
+f 

_- 
+++ 
+++ 
++++ 
+++ 
+++ 

b. Primrline 
For the primuline experiment, spore suspensions were limited to  

viable and dry-heat killed. Two primuline concentrations and two buffer 
pH's were tes tecl . 
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TABLE 1-6 

Effec t  of Yrimuline Concentration and pH on Fluorescence Staining Intensity 
of Viable and Nonviable Spores of 2. subtil is  var. niger 

Primdine.  Concentration 

1 : l O  

- 
4 

5 1 : l O  

L. 

Buffer pH Spore Suspension Fluorescence 

7.0 Viable +-!- 
Heated dry +-l--!- 

9,o Viable +-I- 

Heated dry +-I-+ 
" 

7.0 Viable 3-4- 

Heated dry ++-!- 

Here again,. there was a sl ightly greater fluorescence with the heat 
kil led sporcs than with the viable ones .. The differences, however, were 

not Great enough by this procedure to  permit a reliable differentiation between 
viable and nonviable spores.  st 

Spore Suspension 

Viable 
Autoclaved 
Heated dry 
Chlorine treated 
Ethylene oxide treated 

c . Acridine-Orange Fluorescent Staining 

Flucrescence 

-!- 

+ 
3-4- 

3- 

-!- 

The resul ts  are as follows: 

TABLE 1-7 
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a* 
Th 

Spore S us  pens ion 

Auramine-0 

results are s follows: 

Viable 
Autoclaved 
Heated dry 
Chlorine treated 
Ethylene oxide treated 

TABLE 1-13 
Auraniine-0 Fluorescent Staining of Viable and 

Nonviable Spores of B, _subtiJis var. n-iqer 

Fluorescence I - 
+++ 
+++ 
+++ 
+++ 
+-I-+ 

N o  differenced between viable and nonviable spores was found, 

4. _Conclusions 
S6 

a *  

b. 

C .  

d ,  

N o  significant 
were found for any of the four staining procedures tested.  

There appears to  be a slight increase in the fluorescent 
intensity of dry-heat killed spores compared to viable 
spores  or t o  spores killed by other means, 

practical differential staining reactions 

Fluorescent intensity for the abov 2 procedures was greatest 
with tetracycline I intermediate with priniuline and auramine-0 
and least (weak) with acridine-orange . A l l  procedures stained 
both spores and vegetative forms (some vegetative forms were 
present in the spores suspensions). 

Though no dis  t i n c t i m  between viable and nonviable contamina- 
tion inside sol ids ,  tliroLgh s t a i n k g  techniques appears to  be 
possible detection of the contamination is quite possible and 
feasible for many solid materials a In combination with culturing, 
staining can increase the sensit ivity of the detection technique 
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when the metabolizing cells a c t  on ingested stain (Salberg 1960) ,  

In none of the fluorescence techniques nor the conventional e ,  
staining techniques described in Table 1-1 did the ethylene 
oxide killed spores appear different from the viable spores.  

E. ELECTROPHORESIS 

1 _c Introduction 

a. Theory of Electrophoresis 

Electrophoresis is a method of separating particles, microorganisms 
and macrcmolecules which depends upon their electrical charges and 
molecule shape and weight, When particles with an electric charge are 
placed in  an electric field they will move toward the electrode possessing 
an opposite e1ectric:al charge, 
determined mainly by the charge in the particle. Particles with different charges 
will move with different velocities and thus tail be separated from one 

another. 

(Figure 1-7). The direction of migration is 

b. Potential Application for Separation of Living from Nonliving Cells 

Life processes affect the electric charge-to-mass ratio of cel ls  e The 
life processes going on in the living cel l  tend to maintain electric charges 
of characteris tic types and magnitudes for par t icuhr  cells. When populations 

containing both living and dead cells are suspended in a fluid in an  electric 
field the two types may exhibit different mobilitiss. This technique if it 
were effective mig:it be useful in determining death-rate nechanis m s  because 
in  any particular sample it is almost impossible to observe al l  the cells, both 
living and dead. The ratio of cells exhibiting the two different electrophoretic: 
mobilities would be measured. 

The distance through which a particle moves under the influence of 
an electric current is proportional to  the time and to the electrical potential 
gradient a t  the s i te  where the particle is ,  The pJtential gradient in turn 
depends upon the current, the conductivity of the solution, and the cross-sectional 
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Functional groups which appear in 
cell men:branes and ce l l  walls 

Carboxyl group 

+ R - N H 2  R - N K 3  

Alpha amino group 
T--- 

R 

0 0 

Approximate pK value 
(pI-1 at which 50% of 

Figure 1-7. Theory of Electrophoresis 

functional group is ionized) 

3 . 8  

9.2 

7 . 8  

< 2  
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area of the solution a t  this point, The proportionality constant is known 
i as thc electrophoretic mobility. 

2, Methods 

a. Description of Apparatus 

A standard rectangular microelectrophoresis cel l  was utilized in the 
study in  which the mobility of the cel ls  was observed by a microscope 
with a total magnification from 2 0 0  to 1OOOX. The velocities were determined 
by focusing on a given particle and measuring the time required for the 
particle to t r a v e x e  a given distance using a calibrated ocular micrometer e 
The microscope was focused at  one of two planes i n  the microelectrophoresis 
cell. These two planes are referred to a s  the stationary planes. In an . 
electrophoresis cell of this  type the observed velocity of the particles will 
be composed of iwo components. One component is due to the true 
electrophoretic forces on the particle and the other is due to a motion of 
the fluid i tself  v:ithin the electrophoretic cell (the electro-osmotic 
streaming effect) 
electrical field on the suspending fluid, For ii closed cel l ,  a s  is used 
for electrophoresis studies 
is a m k i m u m  on the centerline in one direction and is in the opposite 
direction along the walls. 

The latter phenomenon is due to the effect of the 

I 
the velocity due to electro-osmotic streaming 

At some plane between the cel l  center line and the wall the streaming 
velocity is zero a These are the stationary planes The motion of particles 
in these planes Is due solely to the electrophoretic mobility and these are 
the planes upon which the microscope must be focused, The isoelectric 
point is determiiied by finding the pH of the suspending fluid for which 
the particle velocity in the stationary plane is zero. This was done by 
measuring the velocity for a range of pH's on either s ide of the isoelectric 
point and plotting velocity against pH. The pH where-the curve crosses 
the  zero velocit.1 l i n e  is the isoelectric point. (Figures 1-8 and 1-9) 

b Preparation of Organisms 

Bacillus subtil is  spores were killed by the following treatments: 
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Surf ace  of Shear 

I I 

Figure 1-8. Surface charge potentials are  positive on both 
s ides  of the cell memhrane. This occurs over 
a range of pH values in which amino groups are 
ionized and are more rtumerous than carboxyl 
or other acidic functicns . 
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Surface 
of Shear 

Figure 1-9. The cancellation of surEace charge potentials. 
Both s ides  of the cel l  membrane (including the 
cell wall) have a n  excess  of negatively charged 
dissociable groups a t  high p1-i values when 
amino groups are  not charged. 

44 

II = 0 



heating, exposure t o  formaldehyde fumes, to ethylene oxide and t o  chlorine. 
To insure that the above exposure treatments rendered the spores nonviable, 
samples of the suspensions were cultured on both Fluid Thioglycollate 
Media and Trypticase S o y .  It was found that the treatments applied did 
induce steri l i ty,  
that the viable suspensions were used. to determine what differences if  
any could be detected. 

The killed spore suspensions were used in the same way 

,3. Results 

The apparent isoelectric point of untreated _Be subtilis spores was 
determined by microelectrophoresis to be 2 .5  I At pH ranges above and 
below 2 I 5 there were no reproducible differences between the viable and 
nonviable cells (Figures 1-1 0 through 1-1 4) 

4. Conclusions 

Electrophoresis of living and dead cell preparations did not show 
differences of sufficient order of magnitude to provide a use iu l  means for 
differentiating ketween viable and nonviable clells, I n  order to provide a 
more sensit ive means for the measurement of electrophoretic mobility a s  
a function of pH i t  would be necessary to  refine the technique. However, 
based upon the experiments performed upon the suspensions of e. subtil is ,  

so  small that i t  is doubtful that even with highly refined apparatus that this 
method would show promise. 

~ the order of magnitude of difference between viable and nonviable cel ls  is 

F. AUTORADTAGRAPHY 

1. jntroduction 

A cell is metabolizing but not reproducing may in  theory accumulate 
radioisotipe-labelled metabolites anti thereby make itself radioactive. Ey 
use of the technique of autoradiography (Jofte:; 1963) these cel ls  which 
have accumulated radioactive tracers may be visualized on a photographic 

a _  

plate (Figure 1-1 5) . 
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Top View Organisms 

i 

Side View 

Figure 1-1 5.  Radio Autographs 
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The principle of this method depends upon placing the organism 
rendered radioactive into intimate contact with a photographic emulsion 
which is sensi t ive to  very weak beta radiation. The weak beta rays then 

strike silver crystals causing opaque -'I squiggles" a t  the site which is 
stnick by the ray. The pattern of opaque silvei- on the emulsion after 
photographic development ideally should be similar to  that of the shape of 
the microorganism. If the sample is s ta ined,  the si lver grain should be 
observed within the boundary of the cell. 

2 .  Methods 

a .  Organisms 

Samplcs of viable spores of E. subtil is  were killed by dry heat ,  
exposure to  ethylene oxide to ultraviolet irradiation, and t o  autoclaving 

chlorine 

(1) Viable S p o x -  The viable spores were suspended in water to 
8 give a concentration of 1 0  cells per centrifuge tube (100 m g  spores) ,  The 

viable count of these spores was found to be 7.7 x lo1' viable spores 
per 1 0 0  mg .  

10 (2) B a t  Kllled Spores e 1 0 0  mg of lyophilized spores (7.7 x 1 0  
organisms per centrifuge tube) were exposed to dry heat a t  lEO°C for a 
period of 2 hours. 2 0  m l  of steri le dist i l led water was added to  the 
centrifuge tube ,. 

(3) Bllylene Oxide Killed Spores. 7 e 7 x 10" spores were exposed 
t o  ethylene oxide for a period of 8 hours at 40% relative humidity. They 
were suspended i n  20  ml sterile distilled water. 

(4) Autoclave Killed Spores. 7.7 x l o l o  spores were autoclaved 

for 2 0  minutes at 15  lbs . pressure in 2 0  ml distilled water. 

(5)  c Ultraviolet Killed Spores. 7.7 x l o l o  spores distributed in a 
thin layer on a Petri dish were exposed in a sterile enclosure to  a n  ultra- 
violet  SterilamF for a period of 4 hours a t  a distance of 6 inches.  

(6) c Chlorine Killed Spores. 7.7 x 10'' lyophilized spores were 
exposed t o  dry chlorine gas  for a period of 2 hours. The organisms were 

then suspended in 20 m l  of steri le dist i l led water. 
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G DISCUSSION OF DETECTION LETHODS 

1. Electrophoresis 
i 

The iionculturing techniques studied dit3 not provide a reliable means 
for distinguishinq between living and dead cells 
behavior and staining characteris t ics are dependent upon charge distributl on 
and suiface characteristics of the cell  walls of microorganisms. Figure 1-7 

shows the types of binding s i tes  on cel l  walls,, Dye molecules which 
possess  electrical charges opposite to those present on the cell  walls of 
microorganisms may lend selectivity to such organisms. 

The electrophoretic 

Electrophset ic  methods for the separation of charged particles including 
microorganisms provide a means for separating such particles and organfsms 
according to their electrophoretic mobility, In the studies conducted 
in which viable crganisms were contrasted with nonviable organisms 
differencs in electrophoretic mobility were extremely low and in some 
cases  nonexistent, Thus I under the conditions of the experiments 
conducted i t  is clear that electrophoresis does not provide a reliable means 
of differentiating betwesn viable and nonviable organisms. It is a l so  
apparent that in a complex mixture of solids particles and microorganisms 
that solid particles which possess  a similar el  x t r i c a l  charge distribution 
and may have the same or similar electrophorktic mobility as microorganisms 
and thus obscure attempts to diffentiate microorganisms from other solid 
debris. 

the 

i 

2. Staining 

While it is true that the binding or lack of binding of dyes to  cell 
walls of microorganisms is not altered in a detectable way in nonviable 
as contrasted to viable microorganisms 
either category is often helpful in assessing contamination levels. The 
presence of artifacts in stained ssmples of sol.& decrease the effectiveness 
of staining methods for the detection of viable or nonviable microorganisms. 

the detection of organisms in  

The use of fluorescent staining techniques offers advantages over 
light microscopy staining techniques The microscopic field background may 
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1 be so adjusted a s  to be essentially black. Microorganisms (Hving and dead) 
appear a s  brightly colored fluorescent: structures against this background. 
Thus i t  is possible to microscopically scan since detection of a bright 
fluorescent object against a black background involves l e s s  fatigue and 
greater sensitivity since contrasting backgrounds do not appear when this 
method is ideally applied. Unfortunately, it  i s  not possihle to reliably 
differentiate between viable and nonviable organisms through the use of 
this  method even unclcr optimal circumstances since the differences between 
viable and nonvjable cel ls  involve differences in intensity of fluorescence * 

3 .  Autoradl.ocfraphy 

Autoradiography did not prove to  be an effective method for the 
detection of niicroorgariisms either viable or nmviable.  The requirements 
inherent in the use of autoradiography are: (1) the cel l  must be permeable 
to the radioactive compomd used and should retain the compound when 
washed, (2) the solid must be sufficiently uniform in texture such that 
less than '2 0 m?crons distance exists between organisms containing the 
radioactive label and the photographic emulsion, (3) that the solid does 
not nonspccifically bind the radioactive compound. 

I 

In  the experiments conducted using radioautography, the prolonged 
A t i m e  interval required even with large populations of spores would indicate 

that this method is relatively insensitive and t ime consuming. In addition 
i f  this method u,ere to be applied to solids it would be almost impossible 
to pulverize sol Lds uniformly without destroying the structural integrity of 
the organisms. Since the examination of the radioautograph is dependent 
upon the structural outlines of the cel l ,  it is obvious that this method woul3 
be tedious and would lend itself to the detection of artifacts in addition 
to  being insensitive. 

4. Electron Spin Resonance 

Electron spin resonance provides a means of detecting atoms or 
molecules posses sing unpaired electrons (free radicals) . Living systems 
contain enzymes which carry out biological oxidations and reductions 
which a t  some stage of electron transier produce free radicals which may 
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be detected by the u s e  of ESR resonance. Thus, it would appear that if i 

only living s y s t e m  contain free radicals,  ESR spectroscopy would provide 
an elegant nondcsti-ucive method €or the detection of viable microorganisms 
in solid materia.s e Unfortunately, a large nurnber of organic and inorganic 
substances exist which contain free radicals and which cannot be differentiated 
from the free radicals generated in living systems, Since the presence of 

variable quantities of free radicals 01 differing species may be demonstrated 
in many types of materials it does not appear that this tool would be useful  
for the detection of microbial contamination of solid materials. 
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PHASE TI. Freeing Microorganisms from Encasement 

Certain representative solid materinls were subjected to  pulveri- 
zation by  drilling, ball. mill, Waring blender, and mortar and pestle. The 
most useful of these methods of pulverization was found to be drilling. 
The viabiljty of the microorganisms was established by culture methods. 
Attempts were likewise made to  dissolve solids thereby freezing the 
microorganisms from the solid material. Very l i t t le difference was noticed 
whether organisms were freed from encasement hy pulverization or by 
dissolving ir a suitable solvent. It was e;tablished that certain of .the 
solvents exerted toxic effects upon the microorganisms. The use  of 
drilling without attempting to dissolve the solid was the pulverization 
procedure used in all subsequent experiments in Phases TI1 and TV. The 
recoveries oi: E. subtilis var, niqer were disappointingly low. In a 
typical expel-iment the solid contained 1 O9 - 10’’ microorganisms per 
gram, When 0.1 gram of the solid material was pulverized, only 
approximately 1 0  viable microorganisms c:ould be demonstrated rather 
than an expected total count of 1 O8 - 1 0  microorganisms. 

3 
9 
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TI. PHASE 11. FREEING MICROOKGANSSMS FROM ENCASEMENT 

A. INTRODUCTION 

1. Statement of the Problem 

Microorgnnisms may populate solids in significant numbers and yet 
be undetectable because the methods used for freeing them from encasement 
may cause a high percentage of them t o  be so damaged as  to not survive the 
treatment. The particle s i z e  distribution of solids which may be  optimal for 
s m a l l  spores and bacteria, may not be suitable for application t o  large 
mycelial cells of funsi (Figure 11-11. Some so l ids ,  because of their physical- 
chemical nature 1r-a y be solubilized. Microorgxdsms contained within such 
sol ids  may be detected by cultural methods i f  the solvent and/or other 
environmental efforts have not caused their destruction 
in dissolving the solid is the rather s m a l l  num1)er of solids which may be 
solubilized withcut using combinations of heat ,  pressure and solvents which 
destroy microorgiinis ms 

The major problem 

i 

P las t ics  represent one of the largest  categories of solids that may be 
contaminated with microorganisms. Information regarding the range of 
possible solvents and plasticizers which may he used for particular types 
‘of plastics have been discussed by Doolittle (1.954). 

In general ,  p last ics  which crosslink or which are thermosetting like 
epoxys are insoliible. Polyethylene is an exception to the c l a s s  of thermo- 
setting polymers. This plastic material will dissolve in xylene at temperatures 
over 5OoC. Polystyrene dissolves in a variety of aromatic hydrocarbons a t  
25OC These solvents are, however, toxic to most microorganisms (Snell 
1954).  

e 

2. Theoretical Approaches 

Pulverization represents another method of freeing microorganisms 
from encasement in sol ids .  A wide variety of methods may be applied to 
reduce a sol id  to  a s t a t e  of subdivision satisfactory for cultural examination 
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Sni a 11 Org ani sin s 
and Bacterial 
Spores 

Particle Size 

Large Mycelial 
Structures and 
Large Bacteria 

Vegetative Or g a ni s ai s 
of Average Size 
Range 

Figure 11-1. Relationship between the PmSability of the Detection 
of Viable Microorganisms in Solids and the Size of Particles 
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for microorganisms, The mortar and pest le  has  been used to  pulverize 
various types of solids used a s  spacecraft  components (Phillips 1960 ;  
Hoffman 1960)  . The latter technique relies upon crushing and shearing 
action. 
containing microorganisms added as inocula. A modification of this general 
method was a l so  used by Portlier (1962,  1 9 6 3 ) '  Small pieces of solids may 
be pulverized by the use  of crushing using a ball mi l l  type of action. 
Mickle' (1948) used this method for the disruption of materials. Ross (1963) 

describes a small efficient type of ball  mill. 

Morelli (1962) applied abrasion methods t o  pulverize a resin 

The u s e  af the following methods of pulverization were investigated 
in  Phase IT for culturally recovering microorganisms added as inoculum: 

(1) mortar and pestle 
(2) ball mill 
(3) Dremel drill 
(4) Waring blender 

Attempts were also made t o  solubilize the pulverized material prior to  
culturing. 

I 

B. METHODS 

1. Orqanisms 

Spores cf B. subtil is  were obtained a s  dry lyophilized spores from 
Ft. Detrick, Md. These spores were stored until needed a t  5OC.  When 
required for u se  a s  inocula, they were suspended in dilution bottles and 
assayed in Tryticase Soy Agar plates by decimal dilution, The number of 
culturally viable organisni/gm was accurately established when inocula 
were prepared for addition t o  solids.  

2. Materials 

Paraplast is a hydrophobic material which is relatively sof t ,  
flexible and of :noderate impact strength. I t  is eas i ly  s l iced,  producing 
large chips.  
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t Parlodion is a cellulose nitrate derivative which has a hardness in 
excess  of that measurable on the Shore A sca le .  It has  high flexual and 
impact strengths.  Its hardness makes it a difficult material to s l ice ,  or 

pulverize in a mortar and pestle;: however, i f  may be drilled or pulverized 
in a ball m i l l  and with considerable diificulty :.n a Waring blender. 

Plaster of paris is a moderately hard, hydrophilic material possessing 
low flexual and impact strengths.  It may be eas i ly  pulverized by a l l  
methods used in Phase TI except the microtome. Attempts to slice this 
material with the latter instrument consistently lead t o  powdering and 
crumbling. 

Eccocoat TC2 is a polyurethane coating material moderately hard 
with high flexual and impact strengths. The manufacturer describes it to 
be funginert, indicating that it is possibly toxic to  some microorganisms. 

3 . .  Inoculation cf Solids 

The Specimens were prepared with inocula of E. subtilis a t  levels 
indicated in Tables 11-1 through 11-4. N o  a t tenpt  was made to steri l ize the 
materials before inoculating them. Because of the presence of E. subtil is  
spores in the  laboratory where the work was performed the chance of accidental 
contamination could not be overlooked. The 'aluminum molds (Figure 11-2) 

which were used in casting of the inoculated sol ids  were autoclaved before 
use  and s ter i le  technique was used in the casting of the specimens. A l l  
materials were tired ai: room temperature. Thc inocula were added to the 
materials and mi:xed thoroughly just  before the sol id  showed evidence of 
hardening. The inoculated solids were cured zit room temperatures and 
maintained at room temperature until assayed.  

4, pulverization of Solids 

With all of the methods of pulverization except the Dremel drill, 
the organism was cooled to  liquid nitrogen terrperature j u s t  before pulveri- 
zation. T n  the  case where drilling was used, the sample was drilled while 
immersed in au twlave  sterilized culture media for a period. of 1/2 minute. 

. .  
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The mortar and pestle were used inside a decontaminated polyethylene 1 .  

bag. The sol id  was pulverized for two minutes and transferred t o  steri le 
Trypticase Soy Agar plates and cultured. 

The blen.der vessel (one quart capacity) was autoclaved. The solid 
was added and pulverized for one minute a t  top speed ,  It was rinsed from 
the blender bowl and transferred t o  the Trypticase Agar plates.  

5 ,  Cultural Assay 

A limit exists to  the  s i z e  of population of any particular spec ies  of 
microorganism which can be  assayed on a single agar surface. As colonies 
become more numerous, the  frequency of two c r  more cells lying so  closely 
together that  their colonies ovei-lap increases The colonies which develop 
early deplete the agar of nutrient and thereby suppress the development of 
visible colonies from cells which s tar t  proliferation later. 

Trypticase soy agar plates were chosen for the a s s a y  medium because 
of their abil i ty to produce a high d5gree of germination and colony develop- 
ment in  spores cf B. subtil is .  They a l so  permit e a s y  quantitative measurement 
of the proportion of the inoculum recovered. The program at Phase 'IT was not 
really addressed to precise measurement of recovery percentages in the 
easy cases but was addressed t o  the development of a method of promise 
for measuring the internal populations of spores in materials difficult to  test 
for steri l i ty . 

i 

6, Determinaticn of Particle Size 

Each of the various solids was encased in the aluminum molds in the 
same manner indicated in Figure 11-2. The samples were subjected t o  drilling 
while immersed in culture media. The particles were removed from solution 
by centrifugation a t  2000 x g for 1 hour in order to sediment the finest  
particle s i z e  present. The sediment was resuspended in a s m a l l  volume 
of distilled watcr and examined microscopical: y 500 particles were 
counted and the results are shown in Figures 11-3 through 11-6. 

The samples were a l so  subjected to  pulverization using the ball m i l l ,  
mortar and pestle, and Waring blender, With the exception of plaster of 
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I 
paris,  none of the above methods produced satisfactory pulverization. The 
plaster of paris could bc fragmented to parkicks less than 1 0  microns; 
however , the range of distribution of particle sizes varied consiclerably . 
The Waring blender pulverized the parlodj on particles after preliminary 
freezing with liquid nitrogen. Uniortunately, however, a s  the particle size:; 
were reduced below 2 S microns, the resultant aerosol ignited and exploded. 

For paraplast (u7ax) one ml of the acetone suspension of its particles 
from Specimen PTo. 2 was diluted 1 0  to 1 in xylene ar?d an aliquot of the 
resultincj soluticm was used to  inoculate the t e s t  agar. 

One ml of the water sus2ension of parlodion particles was  dried in 

an aluminum dish and the residue was dissolvad in 1 0  m l  of acetone, An 
aliquot of the resulting solution was placed on the test agar. 

One m l  of the acetone suspension of plaster of paris particles was 
.diluted to 10 to 1 in 3% ethylene diamine tetraacetic acid (EDTA) solution. 
Again an aliquot of the resulting solution was assayed for viable spores. 

One ml of  the water suspmslon of Eccocoat IC2 particles was dried 
in an aluminum dish. The residue was dissolved in dimethyl forrnamide anc 
the resulting solution was assayed for viable spores. 

7 .  Experimental Design of Recover-: Experiments 

For eacl-. of the four materials and cadi of the pulverizing processes 

three inoculated specimms were prepared. These specimens were processed 
in the follosviiig way: 

C u I ture d Cultured After 

Mc? terial 
Specimen No. Pulverized Directly Dissolving Solid 

- 
1 Yes Yes no 
2 Yes no Yes 

3 no no Yes 
I I 

. .. ‘ . * .  , . .. . 6 .  . .. .. . 
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Spcclmen No.  1 indicated the overall. recovery portion for the process and 
material, 
were freed when the particles of solid were dissolved away from them, 
Specimen N o o  3 permitted measurement of the toxic and bacteriostatic 
effects  of 

Specimen No e 2 (compared with No. 1) showed how many spores 

solid matcrial and the solvent on the inoculum. 

C.  RESVLTS 
Recovery of viable organisms from the solids tested indicated that 

the drill provided the most effective means of pulverization compatible 
with culturing methods. The mortar and pestle,  blender, and ball mill 
allowed recovery of smaller nmiber of E, subtili,s_ (Tables 11-1 through 11-4) . 

Obviously, the solids from which microorganisms may be most easilj '  
recovered are paraplast and plaster of paris (Tables 11-1 and 11-3). 
Recovery from parlodion and Eccocoat 1C2 were consistently more difficult 
than the former two solids (Tables 11-1 through 11-4) 

i 
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PHASE UT. Demonstration of the Applicability of Drilling Techniques 
for Recovery of Microorganisms in  Solids 

A variel y of solid materials were inoculated at three different 
locations with spores of E, suhtilis var,  njqm, Z o s t d d i u m  sporogenes , 
and Ulocladiunt a The distribution of the inocula included the following: 
uniformly dis trj buted throughout applied to the interface between the solid 
and the alumi-num lid,  and at  the interface of an aluminum disc  and the 
solid material 
by the use  of drilling techniques. The r ecovx ies  of injcroorganisms in 
all cases were extremely low, When the i n c x l u m  was uniformly distri3sutc:d 
throughout the solid,  thz recoveries were higher than when the inoculum 
was applied at either of the two interfaces. 

The microorganisms were exposed from the solid materials 

The solubility of the various solids in a variety of solvents were 
studied in Phase TTI, The toxicity of various solvents was determined. 

7 4  



111. PEASE 111 . DEMONSTRATiON OF THE APPLICABILITY 
OF DRiLLiNG TECHNIQUES FOR FZCOVERY OF 
MICKOORGAKISMS IN SOLIDS 

A, TXTRODUCTION 

The objective of Phase TI1 concerns the demonstration of the 
applicability of the bes'i method (drilling) in Phase TI to several solid 

materials of different physical properties. The solid materials investigated 
in this phase includes those with a wide range of physical and chemical 
characterist ics.  The solids are representative of those used a s  potting 
compounds plas.:ic structural components, dielectrics , and coatings . 

B. METHODS 

1. Preparation Q€ Solid Materials 

The solid materials investigated ara listed in Tables 111-1 through 
111-4. All mater ids  were mixed with the ccitalyst in the recommended 
ratios and the incculum of microorganisms was added to the material j u s t  
prior t o  its showing evidence of solidifying. The dental cups which are  

composed of soft alumiiium alloy were autoclaved prior to filling with the 
'solid materials. The three locations of the inocula in relation to the dental 
crown containers used as receptacles are show1 in Figure 111-1. The 
procedures for culturing drilled specimens are shown on Table 111-5. The 

isolator, specimen, and drilling assembly is sliown in Figure 111-l. 

t 

2 a Sectioning of Propellant 

The solid propellant was cast  with the inoculum a t  Jet Propulsion 
Laboratory, cured, and submitted to Dynamic Science. This material was 
not treated in the same manner a s  the other sol ids ,  but was sl iced with 

a blade-type microtome and subsequently cult1 red. The microtome 
procedure involved the use of an adjustable device which advanced the 

propellant to the blade cutting surface. Slices of 400 microns were 
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possible with the use  of this device. B d o w  this thickness,  the sllces 

fragmented and were discontinuous 
2 The sectlons were approximately 3 x 1 0  cin . The core from which 

the propell ant samples were taken was prepared by sterilizing the outer 
surfaces of lhe propellant with ethylene oxide vapor in  polyethylene gas 

stcrilant bays (Figure 111-1). The ethylene oxide and water vapor concentra- 
tions were established through the use of gas  chro~iiatography. Attempts 
were made to pulverize propellant with the use  of drilling techniques. 
Unfortunately, t:ie cut  fragments and chips adhered to  each other and 
produced and agglomerated dense mass of material rather than dispersible 
partj clc s . 

Attempts were made to  drill propellant which had previously been 
frozen in liquid nitrogen. Freezing, however, did not sufficiently alter the 
physical characteris tics of the propellant such that pulverization in the 
absence of agglomeration was possible Earlier work with propellant 
demonstrated thijt i t  may be pulverized by abrading with emery paper. 
However, appreciable loss would take place kecause the prcpellant would 
clog the abrasive on the paper and render it use less .  Another method 
which was tried and found to have more promise than those previously 
used was abrading with a stickle back rasp. 

The organisms studied in Phase I11 were E. subtil is ,  Clostridium 
sporogencs I Ulmladium, and Staphlococcus j?pidermif?is . The organisms 
were prepared i l l  mixed inocula, suspmdcd in 0.01 ml of redistilled 
water and-add& to the  ingredients of the solid materials just  prior to the 
ingredients showing evidence of hardening. A l l  materials in Phase TI1 
were inoculated as described except propellant, The total weight by 
Celite used for each level of mixed inoculum ranged between 2 and 3 

grams. The Celite (Johns Mansville) was previously sterilized in a dry 
oven a t  17OoC for sixteen hours. The contents of the Celite organism 
inocula were added to 1 0 0 0  gm propellant forniula by personnel a t  Jet 
Propulsion Laboratory. 
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3, Preparation and Assay of Inoculum 

The organisms studied in Phase IT1 were _B. _subtilis, Clostridium 
sporoqenes , Ulocf.adium, and Staphlococcus epidermidis . 

a.  Bacillus subtil is  

Spores of this ogan i sm were obtained from Fort Detrick in the 
lyophilized state. These organisms were suspended i n  dilution vials 
and viability counts performed following’ decimal dilution by plate 
counting techniques within one day of their use  a s  inocula in  solids. 

b e  Clostridium sporogenes 

Of the arraerobic spore formers, only _C!lo-stridium sporogenes (tlie 
National Canners Assoc. P . A ,  -3679) was suIEiciently nonpathogenic to  
be convenient for the purpose of this program. The confined environment 
of cel ls  encased. within plast ic  solids suggests that  spores might survive 
this  type of anaerobic environment ., TLe Clostridial spores were prepared 
by growing vegetative organisms in Brain Heart Infusion Broth (DTFCO) . 
Calcium chloride was added as a supplement l o  the media a t  a final con- 
centration of 1 .O% t o  enhance sporulation. The organisms were harvested 
by centrifugation a t  approximately 1000  x g and the sediment was 

! 

~ examined microscopically to insure that they were in the form of spores.  
The supernatant fluid was discarded and the spores were washed three 
t i m e s  by alternately centrifuging and resuspading  in steri le distilled 
water. The washed suspended cells were subjected t o  exposure to heat at 
8OoC for a pericd of 1 0  minutes t o  destroy surviving vegetative forms and 
to insure that only the spores survive. Following this heat shock s tep ,  
t he  cells were stored at 5OC until required a s  an inoculum. In order to  
provide the inoculum at specific levels for JPL, the cells were assayed by 
decimal dilution in anaerobic deep agar tubes and by the use  of Brewer 

Anaerobic Agar (BBL) plates.  

c. Ulocladium 

Spores of the fungus ‘IJlocladium were originally isolated from dust 
obtained from the JPL assembly facill.ties. T h e  fungus was .identified a s  

83 



~ l o c l a d i u m  by Dr Emory G. Simmons, Head of the Mycology Laboratory 
of the U ,  S . Army Katick Laboratories. Th i s  fungal organism is most 
simllar to Alternaria consortiale (Thum) Grove arid Hughes + Although this 

organism resembles both Alternaria and Stcmphyliuni, Ulocladium shows 
morphological differences . 

The Ulocladium was grown on Sabouraud Agar medium (DIFCO) e 

These organisms were harvested a t  the end of the f i rs t  week of growth in 
distilled water and were subjected to  sonication in an Acous tica Associates 
Model DR50 AH ultrasonic bath for a period of 20  minutes at 40 to  60 mca 
at a power outpu: which produced cavitation a Following sonication the 
cells were centrifuged a t  1000  x g f o r  1 0  minutes, the supernatant fluid 
discarded and re suspended in sterile distilled water, This procedure was 
repeated twice The cells were then resuspended in steri le distilled 
water in a sterile dilution bottle and maintained at 5OC until required 
for use as an incIculum, A t  the time of submiszion of the organism to 
Jet Propulsion LE boratory, plate counts on Sabouraud Agar medium (DIFCO) 
were performed 

! 

4 ,Measuring Solubility and Toxicity 

The solubility of the various solids is indicated in Tables In-6, 7 

and 8.  The toxicity of the various solvents on the growth of B. subtjl ig 
I s  shown in Tables 11-9 and 10.  

C, RESULTS 

Recovery of E. subtilis was obtained in  cer ta in  instances whereas 
---- Clostridium sporoqenes and Ulocladium were not recovered (Tables 111-1 1 
through 18) When the  inoculum was distributed uniformly throughout the 
solid, recovery levels were superior t o  those obtained when the inoculum 
existed either ai. the interlace of the l id and the solid or a t  the juncture 
of the aluminum d i sc  and the solid. Rate of g:*owth of spores of E. subtilis 
was depressed vrhen grown i n  the presence of the various constituents of 
the solid plastics materials (Tables 111-9 and 10).  It is not surprising that 
organic solvents are generally toxic to  spores of&.  subtilis since sotile of 
these. solvents are used to  disrupt the cell membranes of microorganisms in 
biochemical enzyme studies.  
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TA RLE .IT1 - 6 
SOLUBILITY OF SOLIDS IN VARIOUS SOLVENTS 

S = Soluble; I = Insoluble 

Solid Material 

E c c o c o a t  IC 2 
Cat-A-Lac 
Stycast 1 0 9 0  
Epon 901 
S t yca s t 2 6 5 1 

RTV-40 
Stycas t 2 8 5 0 

E th y 1 en  e 
D i a m ine 

S olveiz t 

N ifri lo 
II Triethanol_- 

Dimethyl 
Forrilamide 

. s  
T 
T 
T 
I 
I 
T 

- 
Carbon 

D is ul fide 
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Solid Material 

Eccocoat IC2 
C at-A-L aC 

Stycast 1090 
Eccogol 1265 
Epon 901 
Stycast 2651 
RTV-40 
Stycast 2850 

TABLE ITT-7 

SOLUBZ-LTTY OF SOLIDS IN VARIOUS SOLVEWTS 

S = Soluble; T = Insoluble; C = Colloidal 

Glacial  
Acetic - 

T 
I 
T 
I 
c 
I 
T 
I 

Solvent 
I 

P yl-idine 

1' 
C 

I 
S 

S 

I 
T 
I 

86 

Tetra- 
Hydro fur an 

S 
C 
I 
I 
I 
T 
1 
I 

Turpentine 



b 

Methanol 

TABLE ‘In[-8 

SOLUBILITY OF SOLIDS TN VARIOUS SOLVENTS 

. -  

Glycerin 
Solid Material 

Eccocoat IC2 
C at-A-Lac 
Stycast 1090 
Epon 901 
Stycast 2651 
RTV-40 
Stycas t 2 8 5 0 

PS = Partial Soluble; I = ‘fnsoluble 

- 
Solvent 

Toluene 

PS 
I 
T 
I 
I 
T 
I 

Benzene 

PS 
I 
X 
I 
I 
I 

T ’  
1 
I 
T 
I 
1 
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TABLE 111-9 
TOXIC'J,llY OF VARIOUS SOLVEI\JTS TO ri. SUBTILIS VAR. NIGER 

IN TRYPTICASE SOY BROTH 

Pyridine 

+ = Growth; - = N o  Growth 

1 o6 

Solvent Spore 

Benzene 

Toluene 

l o 6  '. 

l o G  

Tetra Hydro fur an 

Tetraethylene Peiita 

1 o6 

€ th ylene Di c? mi. ic 

Dimet'nyl 
1 

88 

Time 
1 9  hr 

-I- 

+ 
+ 
- 
- 
+ 
4- 



TABLE 111 -1 0 - 
TOXICITY OF MATERIALS TO P,. SUETTLTS VAR. NTGER 

T.N TRYPTICASE SOY BROTH 

f = Amount of Growth; - = 'No Gro1:rth 

Material Analyzed 

LT OUIDS : 

Control Culture 

C at -A-Lac 

Catalyst  443-1 - 5 C O  

Eccogel 1 2  6 SA 

Eccogel 1 2  6 SI3 

EPOII B-1 

Epon €3-3 

Eccocoat TC2-A 

ECCOCOS~ TC2-13 

Diluent TC2 

Catalyst  9 

Catalyst  11 

Acetone 
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De DISCUSSION 

The recoveries of niicroorganisms from solids studied were all quite 
low. In part these results were due to the  growth inhibitory efiects of the 
solvciits used in the solubilization of the solids.  Freezing and thawing 
microorganisms cause  damage to cell walls.  The extent of this efiect was 

not independently determined. The pulverization methods also had a n  
effect upon the recovery of microorganisms, The Dreniel drill appears to be 
the most useful of the methods studied. The shearing and! cutting forces 
of this nictliod of pulverj-zation s c e m  to be less injurious than the crushing 
effects of the  ball mi l l  or the crushing, shearing effects of the mortar and 
pestle e Unforturvately, there is no indication iis t o  whether the relatively 
low recoveries were also due in part to  the production of local heat .  Tt 
would appear that heat ,  pressure and cutting forces of the Dremel drill may 
cause  this method to  be far from optimal as a r,iethod of pulverization even 
though it provided thz best recoveries of the VCLirious methods tes ted ,  
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PI-IASE TV, Determination of the Reliability of Rccovery of 
Microorganisms from Solid Materials by Means 
of Drilling Technique 

The drilling and culturing techniques found most suitable in Task TTT 
were tested for reliability in Task IV. The reliability o? recovery of 
inoculated spores of Se subtilis var, niqer was studied utilizing seventy- 
five cultural determinations a t  37OC and an equal number at 2 5 O C .  The 
recoveries were highest when the inoculum was distributed uniformly 
throughout the solid and lowest when the inociilum was distributed a t  the  
interface of either the aluminum disc  or l ids  1 he recoveries utilizing 
drilling and cultijral techniques have been disappointingly low and are 

. 

likely due to a number of factors which are discussed in the body of this 
report and in the Addendum, 
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IV, PHASE IV,  DETERP\iTXNA'.LIION OF THE RELTABTLTTY 
OF RECOVERY OF MTCR03RC;llXTSMS FROM SOLTD 
MATERIALS BY MEANS OF DR1:LLING TECHNIQUE 

A. TNTRODUCT1C)N 

The objective of Phase TV is to establish the reliability of recovery 
of microorganisms inoculated into selected solld materials 
determinations were attempted with each material in order to provide a 
statist ically reliablz number of tr ials 

Seventy-five 

The reliability of the recovery methods established in Phase 111 using 
the drilling technique and the inoculum s i tes  a:.e previously discussed in  
Phase TI1 and illustrated in Figure 11-1 was established, Tn place of using a 
mixed inoculum in this  experiment, spores of E., subtil is  were the only 
microorganisms studied 

El. METHODS 

The organisms were grown and assayed as described iii Phase TIT. 
A l l  assays  were performed within one day of employing the organisms as 
inocula, The inocula were incorporated with the materials tested in the 
same location and manner as previously discussed in Phase In. 

In order t3  avoid systematic errors rela'_ing to  the sequence in which 
analyses were performed, all three forms of inoculum distribution were used 
in daily analyses .  Every attempt was made to maintain the same technique 
and in particular to control the rate and extent of pulverization of the 
samples. It was noted, however, that local heating took place during the 
course of drilling. Although the exact amount of heating that took place 
was not determined, its presence was nevertheless detected. 

C. RESULTS 

The recovery of organisms introduced a s  inocula into the various 
samples are reported in Tables TV-I , TV-2, TV-3 e The largest number of 
microorcjanisms were recovered from solids in which E. subtilis spores 
were uniformly distributed throughout the solid. The smallest number of 
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TABLE 1V-1 

DETEIiMTNATION OF RELTAEILITY OF ASSAY SENSITIVITY 

SAMPLES 01 EACH SOLID TESTED TO DETERMINE REPRODUCIBILITY OF 
RECOVERY' OF 6 x l o 8  SYORES E, subti.lis/Gm 

UNIFORMLY DTS T RT BUTE D TH 110 VGFIOU T S OLTD 

Materf3L 

Stycast 2850 GT 

RTV-4 0 

Epon 901/B3 

Stycast I. 09 0 

Eccocoal IC2 

Tube Assay Plate As say 

37OC 25OC ___. 37OC 25OC 

0/75 0/75 0/75 0/75 

1/75 0/75 3/75 0/75 

4/75 5/75 2/75 4/75 

0/75 0/75 0/75 0/75 

30/75 9/75 12/75 9/75 
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TABLE IV-2 

? 

DETERIviINATION OF RELIABILITY OF ASSAS SENSITIVITY 

SAMPLES OF E.4CH SOLID TESTED-TO DETERvIINE REPRODUCIBILITY OF 
RECOVERY OF 6 x l o 8  SPORES 1.. subtilis/Gm 
INOCULUM AT INTERFACE OF LXR AND SOLID 

-Mate133 

Stycast 2850 GT 

RTV-40 

Epon 901,/B3 

Stycast 1 0 9 0  

Eccocoat IC2 

Tljbe Assay 

2 5°C 

0/7 5 0/7 5 

2/7 5 0/7 5 

5/7 5 0/7 5 

6/7'5 3/7 5 

0/7 5 0/7 5 

Plate Assay 

_c_ 37OC zsoc ' 

0/7 5 0/7 5 

1/7 5 0/7 5 

0/7 5 1/75 

0/7 5 3/7 5 

5/7 5 0/7 5 
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TABT2E IV-3 

DETERMINATION OF RELIABILITY OF ASSAY SENSITIVITY 

SAMPLES OF EACH SOLID TESTED TO DETEK'MTNE REPRODUCXBTLITY OF 
RECOVERY OF 6 x l o 8  SPORES B, s.u@iJLL/Grn 

INOCULUM LOCATED AT INTERFACE OF ALUMINUM DISC AND SOLID 

Stycast 2850 GT 

RTV-40 

Epon 901/'E3 

Stycast 1990 

E c c o c o a t  IC2 

T u b e  A s s a y  Plate A s s a y  
-- 37OC 25Oc; cc_ 37OC 25OC 

2/75 1/75 0/75 0/75 

0/75 0/75 1/75 0/75 

0/75 1/75 2/75 1/75 

0/75 1/72; 0/75 0/75 

3/75 0/75 2/75 1/75 
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microorganisms recovered was when the inoculum was located at the 
interface of the alurninum disc  and the solid (Table 117-3). The growth of 
microorganisms was more rapid a t  37OC than a t  2 5 O C ,  In most instances 
the tube a s s a y  zppeared to be superior in recovery to the plate assay.  

D. DTS C US STOP? 

It is apparent that the recoveries of sizable inocula by the use of 
drilling techniques were disappointingly low. The possible reasons for 
such low recoveries may be manifold. In the course of pulverizing the 
samples the orgiinisms residing a t  the various locations in the solids may 
have been ineffectively exposed, This appears to be likely in view of . 
the fact that the particle distribution of plasti: materials sinlilar in nature 
t o  those studied indicated that the ideal particle s i ze  was neither uniform 
nor sufficiently small to  free the encased organisms. Furthermore , in 
attempting to reconcile these results with those found later in our laboratory, 
it was discovered that the particle s ize  distribution obtained during 
pulverization of plastic materials varied a s  a function of the pressure 
applied while drilling, the sharpness of the drill, and the operator. 

The temperature rise during the course of drilling varied according 
to  the area being drilled. The distribution of the inocula included the 
following: uniformly distributed throughout, applied to the interface 
between the solid and the  aluminum lid, and a t  the interface of an aluininum 
disc  and the solid material. 

Recent experimerits conducted by the authors t o  establish why 
recoveries of large populations of microorginisms were s o  disappointingly 
low, indicate that in add.ition to pulverization parameters , the  presence of 
toxic materials within the plastic and in some instances the toxicity of 

the solvents play extremely- significant roles.  Some of ou- more recent 
work on solids i i  which attempts have been made to  minimize these effects 
are discussed in  the Addendum which follows. 
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E CONCLUSIONS 

Regardless of the s i te  of inoculuix, whether uniformly mixed through- 
out  the solid,  applied a t  an interface between the solid and the oid, or 
applied at the inteiface of an aluminum disc  arid the solid, the recovery of 
microorganisms used as inocula was uniformly unsatisfactory, There 
appeared to be differences in the recoveries of microorganisms from the 
various solids e Tn addition, i t  appeared that best  recoveries were obtained 
tYlien the microoi-ganisms were distributed uilifornily throughout the solid. 
In  the instances in which the microorganisms were deposited at the inter- 
face between thc: lid and the solid, and between the face of the aluminum 
disc  and the sol.d, the recoveries were consiferably laver. 

\ 
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ADDENDUM 

The interim between the completion of ':he work reported in Phases I 
through TV of this program aizd the writing of t h i s  addendu.m, improvements 
on the dilution methods for microorganisms in solid materials have been 
made, These have involved extension in the range of sensitivity of 
detecting viable microorganisms to  1 0  microorganisms per c m  of 
solid material and in some instances t o  a s  low a s  1 0  microorganisni/cm . 

2 3 
3 

The improvements in detection first took place in the study of 
microorganisms In solid propellants . While conducting these investiga7 
tions it became appxen t  that certain modificalions must be made in the 
recovery techniqies in order t o  increase the sensit ivity of detection of 
microorganisms. We found certain inlzibitory substances in the propellant 
that prevented the maximum growth of our inoculum. These inhibitors 
had t o  be leached out t o  increase recovery effkiency,  Tt was possible, 
for example to not detect a s  many as 1 0  microorganisms per cm3 in 
solid propellant if the leachinc, s tep  was  omitted, When the leaching s tep  
and certain additional s teps  vm-e included, i t  was possible to detect as 
few as 1 0  microorganisms per c m  

4 

3 

Tmprovements were also made in  the pulverization of the solid. 
Through the use of saws possessing certain specific characteristics I it 
was possible to pulverize solid propellant more effectively than any other 
previously used method. A thermistor was a t t t x h e d  to the back one inch 
of blade and a s?ow rate of sawing was used, The rate of sawing was so 
regulated that art increase in temperature of not more than l0C resulted. 
Because the temperature at the saw tooth-proFellant interface may be 
several degrees higher than that indicated by the thermistor, the rate of 
sawing was adjusted to minimize possible thema1 inactivation of micro- 
organisms, The procedures are summarized i'n Figure A-1 . 

Microscopically innumerable fine cracks and checks were noted on 
the sawed particles which were noted to  have continuity with the interstices 
of even the largest parti:lcs. The larger particles appeared to  result from . . .  . . : .. . . 
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Propellant 
____-l___sy 

1 

Prop e 1 1 ant Pa i? ic 1 e s 

(usually 6.4 -1- 2 Gm) 

terile Water (120 ml) 

.2, Adjust Redox (cysteine) 
3 .  Stir 15 rnin. with magnetic stirrer 

Superiia ta  n t Fluid 

C cntrif uge 
+=- Sullernatant (discard) 

- a . S p . - -  x 

Pellet 
h/I i c r o s c o pi c Exam i na t ion 
Nter Staining VITith 

Fluorescent Dye -- I --.- 

. *, 

Leached Pttrticles --- 
C u 1 t ur e 

1 Thioglycollate 
2. Trypticase Soy Broth 
e -E-- 

Figure A- 1. Propellant Culturing Procedure 

. ...e . .  . . .  . . . . .  
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the fusion of smaller particles, This fusion effect was l ike ly  due t o  the 
st icky adherent surfaces of the solid propellant material. This fusion 
effect could not be reversed by treatment with the Waring blender, 
sonication, or b:r the treatment with wetting agents. Although Tween-80* 
was included in the culture media and did provide superior recoveries I it 
does not appear that such improved recoveries were the result of inhibition 
of particle agglomeration 

I .  

Leaching of Propellant 

The prop~;llant particles were extractec! with steri le distilled water 
and stirred with a teflon coated magnetic stirr: ng  bar under sterile conditions 
The optimum ratio of leaching fluid to  solid propellant was established, 
The redox potential of the leached propellant cad the supernatant fluid was 
measured and this potential was adjusted to that considered optimum for 
each microorganism tested.  The supernatant fluid a t  the end of the leaching 
period was removed, the pH adjusted t o  7.2 - 7.4 using sterile 0,1 N 
acid or base (exzept in the case  of E o c l a d i u r j o r  other fungi the pH was 

adjusted to 4.0 - 4.5). Tween-80 was incorpxated in  the growth medium 
(Figure A-2). 

i 

* A Reappraisal of Assay Techniques in Solid Materials 

The application of s teps  previously noted in this addendum have 
increased the sensitivity of the detection of iiioculated organisms from a 
level of 1 0  t o  1 0  per c m  . Recovery of microorganisms from inoculated 
solid propellant utilizing microtome sectionimj technique was uniformly 
poor as noted previously in Phase IT1 discussion. 

5 1 3 

Because of the large order magnitude of improvement in the recovery 
of small members of microorganisms from propellant, our studies were 
extended to solids from which previously large inocula of organisms (10 /g::am) 8 

*polyoxyethyleie-sorbitan-monoaleate (Atlas Powder coo) 
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1 .  gave in many instances negative recoveries of microorganj.sms e By applying 
these improved methods 
organisms per c m  from two types of e.poxy resins. It therefore is apparent 
that the culture techniques originally developed for solid propellants are 
applicable in the detection of microorganisms in solid plastic materials 
(Stycast 2850 GT, Eccocoat IC2) from which reccveries were previously 
unsatisfactory. 

it was possible to detect as few a s  1 0 0  micro- 
3 

Peconimendat ions 

In extending the a s  s a y  procedures which were devised and optimized 
for propellant recovery studies,  i t  would be dosirable to study in greater 
detail  the pu1ve:-ization of the various c lasses  of solid materials. If the 
pulverization was so drastic a s  to cause the rupturing of the cell, wall 
in the microorganism, it would be likely that the organism could be detected 
by cultural techaiques 
encasement in rigid solids may tend to cause irreversible cellular damage, 
Although the particle s i z e  achieved by the pulverization may approach that 
of the microorganism, this process may be l e s s  desirable than one which 
produces larger particles. 

The process of freeing the microorganisms froni 

\ 

In the latter case ,  communicating microcracks may exist  which would 
= provide both for diffusion of nutrients to and growth of the encased micro- 

organisms from “nternal s i tes .  

Because of the occurrence of toxic cor,ipounds in certain types of 
solid materials, it will be important t o  establish optimal methods for the 
leaching of these substances free from the pulverized solid. A large 
variety of plastic polymers are polymerized by catalysts which may inhibit 
the growth of microorganisms. These catalysts vary according to the type 
of plastic and each represents a separate problem. Unreacted monomers 
when present may a l so  inhibit the growth of microorganisms. It is obvious 
that in addition to optimizing the pulverization and leaching procedures that. 
it will b2 necessary to devise methods for neutralizing or inactivating both 
the  soluble leachable inhibitors and the inhibitors present within the solids 
themselves. 
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1 .  Further investigation of culture media development will be required 
to optimize the isolation of microorganisms from sol ids ,  Slnce the type of 
biochemical injury or event which results in t h e  devitalization oi the 
microorganism may not be definable, it may he necessary to add a variety 
of substances which tend to  counteract these events,  In order to reactivate 
such inhibited oiganisms it may be necessary 50 add growth factors and 
metabolic constituents to  the medium which may not normally be required 
by the organism under other conditions The addition of an excess  of 
the known required vitamins , amino ac ids ,  sugars and growth factors a t  
levels which do not intei-fere with growth or metabolism of the organism 
is highly desirable Adjustment of trace metal. content, ionic strength, 
pH and redox po:ential may also be desirable. 
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T -L TNTRODUCTION 

In assaying the internal microbial population of a specimen of 
solid propellant (Opfell, 1962  a and b) which had been prepared containing 
aluminurn particlzs liquid ethylene oxide 
c B. su2stil.i~ var, ;giqer, the microorganism alp&% was isolated, Because it 
survived. in an  environment which destroyed the detectable viability of the 
- B. _cf- subtilis var. i-r sporesr  alpha is of interast in demonstrating the 
effectiveness of processes for the preparation of sterile solid propellant. 

and an  inoculum of spores of 

Alpha and alpha-like species  have bee:i isolated subsequently 
from specimens o f  dust  (Opfell, 1963a) from the JF'L spacecraft assembly 
facil i ty and from subsequent specimens of solid propellant (Opfell, 1964b). 

The foll0,ving paragraphs w7ill describe and interpret the results 
of experiments to determine the ethylene-oxidc: res is tance of populations 
of alpha in  a variety of enviroiirnents and after several types of pre- 

t treatment e The c,vidence on which the classification S t a p h y l o c o c E  

epidermidis has been assigned t o  this species  will be presented and its 
significance in the engineering design of sterilization s teps  will be 
discussed. 

The stud]. described here represents a coiltinuation of a recent 
study (Opfell, 1664a) t o  evaluate and to estabIish methods for assaying 
the  viability of IT icrobial populations dispersed in  the interior of solid 
materials,. A parallel study (Opfell, 1964b) and a previous study (Opfell, 
1962a  and b) applied these  techniques to  solid propellants. In both these 
studies populations'of the species  alpha or of spec ies  similar to it were 
found in the propellant specimens. 
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TI, THE IDENTITY OF SPECIES ALPHA 

On the basis  of tests reported in Table I and comparison with 
the propcrties of ATCC strain 155 of _Staph~lococcus epidermidis, 
_alpha has  been identified to be a strain of Staphylococcus epidermidis, 
Though the distinction from species of Gafffkva is not as clear as  one 

might l ike,  the reasons for not calling alpha a species  of _Gaffkva, are 
presented in Table IT. As the discussion which follows will show, this 
distinction may not be really possible, Some hactei-iologists (Stanier, 
1963) call the ~ t i i p h y 1 0 ~ 0 ~ ~ i  ths  pathogenic-members of the genus 
Micrococci and in  particular use  the t e r m  Micrrxoccus pyoqenes, var, 
aureus for Staphylococcus aureus and Micrococxxs a o g e n e s  , var. albus 
for Staphylococcus albus 

Tones (I- 963) has  studied fifteen strains of Staphylococcus epidermidiz 
and found that scme, l ike members of the genus Gaffkya, failed to reduce 
nitrates. One of the strains had a colored piginent, Jones l is tes  the ' 

important characi.eristics of Staphylococcus s iderrnidis  to be: 

1) ability to  grow anaerobically in a defined medium with 
glucose or pyruvate as  energy source 

2) inability to produce coagulase 

3) ability to ferment serine 

4) . requirement for biotin and uracil ,under anaerobic 
conditions in a. semisynthetic medium 

5) inability to reduce nitrate beyond nitrite 

Deibcl (1960) proposed a set  of characteristic properties for the 
genus Pediococc1.g. Adoption of this recommendation would eliminate the 
genus Gaffkya (TJ'. S . Kava1 Medical School) e The U. S. Naval Medical 
School (1 96 3) po;nts out the difficulty in dis tinl;uishing GzfRya  isolates 
from Staphylococcus eDidermidis (coagulase negative) . Gaffkya is 
distinguished by a high frequency of tetrads among cel ls  isolated from 
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body fluids and by failure to  reduce nitrate to  nitrite. Many species  of 
Micrococciis +- fa i l  to  reduce nitrate t o  nitrite (Skerman 19 59) and many 
including Staphylococcus epidermidk (also alpha] forms tetrads under 
several conditions of culture. Gaffiya can be eas i ly  distinguished from 
Staphylococcus aureus, however by the nitrat3 and coagulase t e s t s .  
Burrows (19 54) ass igns the name M~cI-ococcus Jetragma to Gaffkya 

-----, tetraqena and shows a picture of a smear €ro-om pure culture. The picture 
would se ive  equally well as a description of alpha. 

Skerman (1959) points out that considerable difficulty may be 
encountered in djfferentiating between the genus Micrococcus and the 
genera Staphylococcus and Pedjococci . ,  He s ta tes  that  the genus 
Staphylococcus 1 as been allocated only two sy ecies , Staphylococcus 
aureus and Staphylococcus enidermidis , omitting any mention of 
Staphylococcus albus . He suggests that the characteristics which 
differentiate the genus Pediococcus are based on byproducts produced in 
certain media an3 that comparable studies of the byproducts produced by 
the genus StaphI2ococcus and the genus Micrccoccus have not been made, 

Cowan (I 964) sugcjests that catalase-Fositive Grani-positive cocci 
that ferment glucose under anaerobic conditions can be regarded as 
Staphylococci arid that those which fail to do so are not Staphylococci -- 
they may be other species of Micrococci. He sugc;ests a l so  that 
Staphylococci be divided into two species: Staphylococcu~ aureus- 
(coacjulase-positive) and St$.rhylococcLs epidm-midis (coagulas e-negative) . 

Bryan (1 ! I  53) describes another species ,  ,Stap3ylococcus aeroqenes I 
which is a strict  anaerobe and might not apparsntly be a member of the 
g e n w  in the t e r m s  defined by Cowan, Bryan says  of Staphylococcus 
epidermidis that it is but Micrococcus epiderniidis by another name and 
that it may be a l e s s  virulent variety of Staphxrlococcus albus. Frobisher 
(1962) 
Staphylococcus e pide rmi dis . 

on the cther hand, equates the names Staphylococcus albus and 
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111, THE HABITAT OF SPECIES ALPHA 

The foregoing discussion shows the futility of inferring the range 
of habitat of al&g from the published literaturc on Staphyl.ococcus 
epidermidis alone. A l s o  the confusion in the taxonomy of Staphy1ococcv.s 
epjderniidis with that of similar species suggests that information on the 
habitats of other genera in the family Micrococcaceae or the tribe 
Streptococceae v70uld be useful in estimating the significance of alpha 
in the environrne:it surrounding the manufacture of steri le solid propellant + 

Among these gen x a  are Micrococcus Staphyl.c~coccus, Gaffkya, Sarcina, 
and perhaps even Pediococcus 
regularly in the mouth and intestinal tract of nJmans, In the mouth and 
respiratory tract Streptococceae cells are more prevalent (U S . Naval 
Medical School, 1963) than are  cells of the Micrococcaceae genera, 
On the esterior hody surfaces,  however, the S-kaphylococd are by far the 
most prevalent c2lls a Roseberg (1963) and Wilson (1955) point out that 
coagulase-negative staphylococci (Staphylocozcus epidermidis) are prevalent 

Streptococccae organisms are found 

on all areas of human skin. Roseberg also s te tes  that  human skin normally 
carries a popula2ion of -Clostric?ia and anaerobic cocci.  Because growth of both 
Streptococceae populations and Clostridia populations is poor or absent  on 
many of the media employed in the present tests 
undetscted in th propellant ingredients which were analyzed. 

they might have been 

Gregory (1961) discusses  reports of finding viable cells of 
_Staphylococcus aureus and of Staphylococcus albus in the air over the 
open ocean. ETe suggests ,  however, that these populations came from land 
sources.  The ability of cells of Staphylococcus species  to survive in 
environments outside of living animals depends upon a variety of factors 
many of which have not yet been explored. 

A n  alpha population stored in purified ;vater decays in a manner of 
multicellular organisms (Umbreit, 1962)  which in a sense they are. A 
relatively s m a l l  portion of the cells in a population of Staphylococcus cells 
occur singly, Most are in pairs, tetrads, or small clusters which do not break 
up easily. 
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IV. 

Burrows (1954) points out that there is good reason to believe that 
bacterial populations are heterogenous with respect to the ability of the 
individual cells to withstand the eifects of letlial environments. The 
implications of this hypothesis has  been developed a s  a theory of clonal 
variation and selection 
that binary fission of a bacterial cel l  does not always produce daughter 
cells of precisely equal reslstance to each of llie lethal factors in the 
environment. The  occurrence of two daughter cells of equal resistance is 
the most probable result of fission, of two daughter cel ls  of slightly 
different resistance,  slightly less probable I arid of two daughter cells 
with much greater resistance,  much less probable, Experience with the 
development of antibiotic resistance in strains of Staphylococcus aureus 
constitutes a large portion of the evidence in support of the theory of 
clonal variation. 

Heterogeniety is accounted for by the as sumption 

When cultural conditions are changed, increasing numbers of the 
less resistant daughter cells may fail to reproduce with the result that 
over several generztions, the average resistance of the cells in the culture 
has increased. With a return to  the original cultural conditions. the 
reslstance of the celIs in the population will return to  the original distribution 
of resistances after the passage of several ger. erations 
Staphylococcus 3piderrnidig strains appear to Le susceptible to this type of 
clonal variation. Staphylococcus epidermidis sp. x arose from the storage 
of a water suspension of alpha in the refrigerator for a year and a half. 

The populations of 
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V, ASSAY OF STAPI-WLOCOCCUJ EPTDERMTDX 

The variations i n  population growth rate among strains and even 
replicates of the same culture oi a strain of Staphylococcus W e r m i c i i s  -- 
is illustrated in  Table 111. The reason €or the variations lies partially 
in the inulticellular (Umbreit, 1962), forin in which the viable particles of 
Staphylococcus epiderinidis occurs Serial dil.u’:ion breaks these particles 
apart and thereby extends the iniectivity to greater dilutions through 
increasing nurnber of independent viable partic:!es 
the greater the possibility for error in estimating the number of viable 
particles e 

. 

The greater the dilution 

The grouping of the cells of Staphylococcus epidermidis has  an 
effect on the ability of populations of them to withstand drying. The 
viable cells find themselves attached to colloillal particles (other cells I 
both living and d13ad for example) . Umbreit (1 $!62) points out that when 
bacteria are abscrbed onto the surfacz of finell. divided particles (colloid) 
their  metabolic activity often slows down and they s e e m  to survive much 
longer. After being s o  absorbed they are often resistant to drying. Protein 
materials a l so  have a strong preservative efigct during drying of many 
bacteria and viruses.  No attempt was made to measure the effect of drying 
inoculums on the colloidal s i ze  particles of ammonium perchlorate (the 
principal ingredicxnt in solid propellant) on the ;urvival of cells in these 
inoculums 
and on further drjring the cells would be occluded in the ammonium 
perchlorate. The ohvioils test would not necessarily separate the colloidal 
effects froin other effects of the ammonium perchlorate particles. 

The .Hater in the inoculum would d-ssolve arnmoniilni perchlmate 
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VI, RESISTAiiCE OF ALPHA POPULATIOXS TO THE EFFECTS 
OF SEVERAL ENVIRONMENTAL FACTORS 

On the surface of Trypticase soy  agar a t  3 7 O C ,  alpha populations 
were found to remain viable for periods in excess  of nine days.  During 
tjiis time the agar dried enough to  become crisp. m i e n  alpha ce l l s  were 
collected, washed, and suspended in previously sterile purified water, 
the a s s a y  of viakle cells did not change on storage of the suspension for 
periods up to a week. On eight-days' storage, however, the numbers of 
particles in the t i ab le  population appeared to drop by four to five orders. of 
magnitude. 
to fall but more slowly with some cells in the suspension remaining viable 
for very long perlods of t i m e ,  The viable population of Staphylococcus 
epidermidis ATCC 155 in water behaved similarly, N o  attempt was made to  
measure the ethylene-oxide or drying resistance of the survivors. 

After this drop in  viability, the number of viable cel ls  continued 

Table I V  shows the comparative effects of suspension of viable cells 
of a species  of Slaphvlosoccus epidermidis and of spores of B, subtilis var. 
niger in several  pure solvents. The toxicity of acetone for alpha populations 

.was confirmed by the experiments reported in Tables V I ,  X, XI, and XII, Each 
of these three solvents are strong desiccants and l ikely withdraw water from 
the Staphylococcus cells in a manner other tha-9 optimum for preserving 
viability. That c.ells of Stgphylococcus species are sensit ive to  their 
environment during desiccation is shown also by the experiment reported in 
Table IX and the studies reported by McDade (1963) and by Skaliy (1964; I 

The presence of substances from agar or broth helped preserve viability in 
populations discussed in Table IX. McDade found that Staphylococcus aureiJs 

populations had variable res is tance to drying m d e r  the synthetic conditions 
he  used, His  populations of about 1 0 0 0  cel ls  in broth were dried on sutures 
in an environment of air  at several levels of relative humidity. Even at 50% 
RH, the condition most destructive of viability, his populations remained viable 
up to  four days. Skaliy, on the other hand, found that one day was sufficient 
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for a Staphylococcus aureus population in a hospital room t o  be undetectable 
after the departure of a patient who had been confined there with a Staphy- 
lococcus aureus infection. Sykes (1 9 58) repork that Staphylococcus aureus 
is the m o s t  res is tant  t o  drying of members of the StaphylococcLs genus,  

Using a cylinder-plate a s s a y  technique Snell (1954) measured the 
degree to whlch several organic solvents inhibit the growth ol pop-2-lations 
of several spec ies  of bacteria on an  agar surface,* Among the organic 
solvents tes ted were the thrce l isted in  Table 1x1, Snell found one of the 
three to inhibit gicrococcus pyoqenes I var alhus (possibly, though not 
likely, the same strain as alp'na) though both a3solute ethanol and acetone 
inhibited Sarcina lutea , another spec ies  of the family M i c r o c o c c a c m ,  
The conditions of exposure in Snell's study we1 e substantially dicferent 
from those used In the experiments corresponding t o  Table 1x1, The 
desiccating effect of the solvent in  Snell 's  cyltnder-plate assay should have 
played a negligible role whereas it was possi'niy the dominant effect in  the 
Table 111 expcriment . 
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TOXICITY OF PROPELLANT INGREDIENTS 

The ability of a broth to  support growth of a population of micro- 
organisms in the y e s e n c e  of a toxic ingredient varies €rom batch to batch. 
In the tes t s  reporled in Table V, for example, an  inoculum of 1 0  spores of 
.l B. subtilis var  niqer was able to grow in the presence of 0,5% v/v ethylene 

4 

oxide. The three propellant ingredients, TDT, PPG, and Am failed t o  suppress 
growth of any  of the species  tested even when the broth was saturated with 
them, 

The toxicity of the propellant ingredienfs for alpha depends on the 
s ta te  of the d p h a -  organisms at  the t i m e  they are introduced into contact 
with the ingredient, In the tes t s  reported in Table V I ,  the -alpha organisms 
in 0.01 ml  of purjfied water were placed in the bottom of previously steri le 
test tubes. The inoculum was permitted t o  dry ,  tho1.igil not completely. 
(Some inoculums may have dried completely while others were seen  to  contain 
water a t  the t i m e  the propellant ingredients wei'e placed on top of them), The 
exposure to ethylene oxide was made by p l a d n s  the  open tubes Containing t h e  
inoculum arid the propellant ingredient in a 4-rrti1 polyethylene bag containing 
an atmosphere of air saturated with ethylene oxide vapor and water in excess 
of that equivalent to 50% REI. The tubes were exposed to this environment 
for 2 hours, The gas  was flushed around the inside of the bag and over the 
tops of the tubes several  t i m e s  during the expcsure period. 

After removal from the bag the contents of each  tube,  including 
those not exposed to ethylene oxide, were stirced with a separate,  steri le,  
glass stirring rod, The tubes were then stored at room temperature for 
t h e  remainder of a 24-ho~r exposure period. After the end of this period, 

5 m l  of steri le fluid thioglycollate medium was put into each tube. Into each 
of the bacteriostasis control t u j e s  were put 0.1 m l  of purified water suspension 
of either alpha cells or spores of 3, subtilis var niqer containing approximately 

100  viable particles each. 
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The tubes of broth were then incubated a t  37OC for 7 days,  A loopful 
of the broth was then streaked on the surface of Trypticase soy agar in a 
Petri dish. These streak plates were then incubated under the s a m e  conditions 
that the broths had been. 

Generally, the propellant ingredients made the broths appear turbid 
so that microbial populations in the broth coulc' not be detected on the basis  
of the appearance of the broth alone. The bacteriostasis tubes containing 
- B. c- subtilis var, S a r ,  however, contained an orange pellicle when the broth 
was not bacteriostatic. 

In only one casec did the al- population survive the sequence of 
conditions met in the tes t .  This result is in ccntrast with the results shown in 
Table V for three of tlie ingredients 
appear to  have miide the broths bacteriostatic f x  inoculums of alpha containing 
but 1 0 0  viable particles in purified water. The inoculums used in the experiments 
corresponding to Table V included 1 0  viable particles, 

Moreover, the propellant ingredients 

4 

The failure of the E. subtilis_ var, niqer inoculums to grow in the 
broths containing Alrosperse (a reaction produc: of an  equal mixture of 
s tear ic  acid and diethynolamine) or to grow vigorously in those containing 
FeAA, unless these maierlals had been exposed to ethylene oxide is surprising 
and should be confirmed by further tes t s .  

In view of the sensitivity of alpha to th3 conditions under which it is 
dried, the results shown in Table VI may not be surprising. Moreover, popu- 
lations of 1 0 0  viable particles of Stach.vlococciiz organisms seem to  be more 
sensitive t o  toxic effects in broth than are populations greater than 1 0  . 
This possibly is Indicated in Table VlII. 

4 
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WIT. NATIVE CONTAMINATION IN THE PROPELLANT TNGRED?ENTS 

The broths at the "0" inoculum level wDuld have disclosed native 
contamination in the propellant ingredients had there been a significant 
amount. The bacteriostasis controls show that these broths could have 
detected populations of 100  spores of organisms like E, subtilis var, nicjer 
but would fail to  detect  similar numbers of viable particles of _alpha, This 
result  does not mean that spores are necessar i ly  more easi ly  detected in the 
smaller numbers, 
oxide, larger populations of E. subtil is  var, n-qer spores than of viable 
particles of Stapbylococci were required to prcduce obs e n a b l e  changes in 
the  detection medium 

Tablas Vi1 and VI11 show that in broths containing ethylene 

The low order of the  contamination in several  of the propellant 
ingredients was confirmed in the test made on duplicate samples  of a 
Pfaudler-pot fuel m i x  (the results and the descriptions of the tests were 
reported by Opfell, 1 9 6 4  b) This fuel mix contained Alrosperse, PPG and 
TMP. 

The tests w e d  were not sufficiently saxiitive to support a conclusicn 
that the propellant ingredients were sterile. The technique used to  test them 
was not sterile, though care was taken to avo.ld accidental contamination. 
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E, RESISTANCE OF SEVERAL SPECIES OF BACTERIA TO ETHYLENE OXIDE 

The inoc.Aum required to produce popuhtion growth in broth 
containing ethylcne oxide depends upon the type oi broth, the concentration 
of ethylene oxid12 and the species and strain of the microorgainsms, Tables 
Vi1 and Vi11 compare the relative resistances of several species of micro- 
organisms in both Trypticase soy broth and fluid thioglycollate medium and 
in the presence J€ a range of concentrations 02 ethylene oxide, In the 40 ml 
tubes closed with Morton closures, in which the broths were incubated, the 
concentration of ethyiene oxicie in the broth wt3s confined to drop by no ‘more 
than 50 percent 3n incubation a t  37OC for 24 hours, 

Ethylene oxide in the amount of 0,3% has been reported (Toplin, 1961) 

to sterilize ferrn2ntation broths. Tables VI1 arid VIE show the levels of 
contamination by each of several  species which might cause sterilization 
failure, Tnteres tingly, the Staphviococcus strains are the most difficult 
(Sykes I 1958) to  destroy under the conditions tested,  
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X, EFFECTS OF DRYING AND EXPOSUE TO ETHYLENE OXIDE ON THE 
WABTLTTY 0 F STAP HYLO C 0 C CUS EPIDERMTDIS POPULATIONS 

Populations of alpha- cells and of the X?CC 155 strain of 
Staphylococcus spidermidis cel ls  were conpared with respect to their  
ability to withstend the effects of drying, The previously observed 
sensitivity of alpha populations to  drying (Opfell, 1963 b) from suspension 
in  purified water was used as a confirming tes t  for slpha,  The results 
reported in Table TX appear to support the conclusion that alpha is less 
resistant (Sykes 
conditions + Unfcxtunately , identical conditioris are difficult to provide 
The Tests 1 and 2 were performed on different days.  The ATCC 155 strain 
cells used had been stored in puriiied water for a longer period of time than 
they had been foi- Test 1. The tes t s  on the two strains were performed 
simultaneously, however, 

1958) to  drying than is the X C C  strain under identical 

The results of Tests 3 and 4 show the protective effects of nutrient 
McDade (1963) found that popu- substances during drying (Sykes 8 1958) 

lations of 1 0 0 0  cells of Staphylococcus aureus dried on sutures from 
suspension in broth remained viable for four days and longer, Skaliy found 
that populations of Staphylococcus aureus from an infected patient died 
away in one day, Both these results appear to be consistent with the results 
presented in Tabie TX. 

_Alpha was isolated originally from the interior of a specimen of solid 
propellant. Presumably the cells got into the propellant originally 
accompanied by some type of protective substances.  The environment inside 
the propellant was sufficiently protective to preserve viability for a long 
period of t ime.  

Using ‘a f‘ractional factorial design , the relative effects of the 
several  factors, surface supporting the inoculum during drying , the relative 

, humidity and the oxygen content of the ambient gas during drying, the 
suspension vehicle,  and exposure to  ethylene oxide on the viability of 
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population of alpha were determined. Corresponding tests were performed on 
populations of spores of E. subtilis var ,  niqer, which are known to survive 
the ethylene oxide exposure conditions used,  to be unaffected by suspension 
in acetone, and to be insensit ive to the methods of drying. The efficiency 
with which spore:; of 2. subtilis var ,  niqer can be removed from different 
types of surfaces is variable. Table XI presents the results of a coiitrol test 
on efficiency of recovery of the viable inoculuri 

The detaiis  of the tests have been described in  the footnotes to  

Table X. The concentrations of ethylene oxide and water vapor in the ambient 
gas during the exposure to ethylene oxide were confirmed by gas-chromato- 
graphic analysis.  

The domir.ant factor in destroying viabi:'ity of alpha populations was 
the  drying process in  the absence of protective agents Table X shows 
quantitatively the frequency with which viable particles can be recovered 
from coupons on which viable cells had been dried. Though an attempt was 
made to remove the alpha inoculum from the sui-face of the coupon and suspend 
it in the broth, comparison of Table X with Tabes XI  and XI1 shows that the 
treatment used was not entirely effective, Because of the possibility of 
accidental contariination of the coupons or of the broths in  which they were 
incubated during the withdrawal of 0.5- ml aljquots from the jar ,  the recovery 
of viable alpha organisms from the coupons which had been inoculated with 
disti l led w-ater suspensions and had not been exposed to ethylene oxide 
was more than can be  explained by contaminatim. After the effects of 
diying, the type of suspension vehicle is shown to be important but the type 
of solid material and the nature of the ambient gas did not produce discernable 
effects. The inoculum dried substantially more slowly on teflon than it did 
on the other materials but this effect did affect the results.  
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TABLE I 

CHARACTERISTICS 0 F SI' API-IYLO GO CC US EPTDERMTDIS II 

Characterist ics 

C ELLS 

Shape 
Gram-staining 

Aggregation 
c h ara c t e ri s tic s 

Mobility 

CULTURES 
Optimun temperature 

for growth 
Oxidation-pot entia1 

requirements 
Xutritiona! factors 

require(] 

Salt  tolerance 

Appearance of broth 
containing ferment- 
able carbohydrate 

Action on spec.ia1 

Litmus milk 
N itra t e broth 

media 

Glucose i n  broth 
Fructose in broth 
Maltose in broth 
Trehalose in broth 
Sucrose in broth 
Glycerol in broth 
Mannose in broth 

" Bergey's Manua:." Strain 

0.5-0.6 micron spheres 

Gram-positive 
s ing les ,  pairs,  and 

irregular groups 

nonmotile 

37 OC 
aerobic , facultative 

amino acids  for nitrogen, 
biotin, some B vitamin: 

anaerobic 

grows vigorously in 
media containing 10% 
sodium chloidcle 

heavy uniform .- t xb id i ty  

acid 
nitrate reduced to  nitrite 

acid produced 
acid produced ' 
acid produced 
acid produced 
acid produced 
acid produced 
acid m a y  be produced 

- Alpha 

0 .5  micron spheres 

Gram-positive 
singles , pairs , 

tetrads,  and small 
groups 

nonmotile" ' 

37OC 
aerobic, facultative 

an aerobic 
appears to use  

ammonium from 
ammonium perchlorat 

grows in 8% XaC1 
agar* 

medium uniform 
turbidity in TS B J;* 

long thick "finger:; 'I 
of turbidity in 
anaerobic part of 
FTM, gray-white 
sediment 

acid* 
nitrate reduced t o  

acid produced" 
nitrite 

acid produced 

"0 litzky 
*"Tryptlcase soy broth and FTM indicates fluid thioglycollate medium 
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Characteris t ics 

TABLE I (Continued) 

_- 

CULTURES (C0ntinuc.d 
Galactose in broth 
Lactose in broth 
Xylose i n  broth 
Arabinose in broth 
Raffinose i n  broth 
Inulin in broth 
Sorbitol in broth 
Mannitol in broth 

G ela t in-s i ah col oni e s 

Agar-surfa ce colonies 

OTHER 
CHARACTERISTICS 

Indole test 
Urease tes t  
Cata lase  test 
Pathogenic; 
Parasit ic 
Coagulase, test 
Hemolysis test 

17 

Eergey’s Manual” Strain 

3cid may be produced 
ic id  m a y  be proauced 
IO acid produced 
IO acid produczcl 
io acid produced 
IO acid produced 
io acid produced 
io acid produced 

tvhite surface growth 
Jyith slow sacca te  
liquif ac ti on 

5 moot-h , circular, 
translucent white 
colonies 

>atalase positive 

yes 
Zoagulas e negative 

2 0  

Alpha 

icid produced-‘: 

io acid produced” 

slow liquifaction 

; mooth circular 
tr an s luc ent whit e 
c o 1 on i e s 

io indole produced+; 
i rease produced* 

ionhemolytic 



TABLE I (Continued) 

Characterist ic 

ORIGINAL SOURCE 

HABITAT 

- 
DTSTInTCTZVE 
CHARAC TI: RIS TIC S 

L 

"Bergey'& Manual'' Strain 

human skin wouinds and 
abs  ces s es 

skin and mucous 
membranes of 'humans 
and other anin a l s  

ferments glucos a but 
not mannitol under 
anaerobic conditions 

coagulase negative 

18 

- Alpha 

a specimen of sol id  
propellant containing 
aluminum powder, 
ethylene oxide, and an 
inoculum of E. subtil is  
var,  niqer spores 

dust  a t  JPL - possihly 
a l so  people 

appearance in FTM 
form of colonies 

fr e que nc  y of tetrad s 
in smea.rs from suiface 
colonies 

e th yl en e - ox id e 
resis tance 

sensi t ivi ty  t o  drying 
from suspension in 
pure solvents 



TABLE 11 

CHARACTERISTICS OF ALPHA COMPARED WTTH THOSE OF 
GmFRYA TETRAGENA 

-- 

Char a c t e *r i s tic 
c 

CELLS 

Shape 
Gram-s tairdng 

Aggregation 
characteris tics 

Mobility 
Capsule 

CULTURES 
0 ptimum temperature 

Oxidation - pot entia1 

Nutritional factors 

for growt? 

reqii1-e m m t s  

required 

Salt tolerance 

Appearance of broth 
con t ai nir-g ferment - 
able  c arb oh udra t e 

Action on special  
media 

Litmus milk 
Nitrate broth 

Glucose in broth 
Fructose in broth 
Maltose in broth 
Trehalose in brot 
Sucrose in broth 
Glycerol in broth 
Mannose in brotl- 

*Olitzkv 

L micron sphere 

:ram- po s it ive 
, ingles,  pairs and 

tetrads (particulxly in 
body fluids) 

Lon mo t ile 
)seudocapsule in 
body fluids 

37OC 
aerobic facultative 

amino acids for nitrogen 
anaerobic 

biotin 
some B vitamins 

clear with gray sediment 

acid 
does not reduce nitrate” 

acid produced 

acid produced 

_c 

Alpha 

0.5 micron spheres 

G ra m- p o s it ive 
singles pairs I 

tetrads, and small 
groups 

nonmotile* 

37OC 
aerobic facultative 

appears t o  use  
anaerobic 

ammonium from 
ammonium perchlo;-ate 

grows in 8%NaCl  
agar* 

medium uniform 
turbidity in TS B *+ 
long thick “finger:;” 
‘of turbidity in 
anaerobic pait of 
FTM, gray-white 
sediment 

acid* 
nitrate reduced to  

acid produced* 
nitrite 

acid produced 

**Trypti&e soy broth and FTM indicates fluid thioglycollate medium 
+ Bryan 
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TABLE 11 (Continued) 

Characteris tic 

CULTURES (Continued) 
Galactctse in  broth 
Lactose in broth 
Xylose in broth 
Arabinose in  broth 
Raffinose in broth 
Inulin in broth 
Sol-bito!. in broth 
Mannitol in broth 

COLONIES 

G ela t in- s tab colonies 

Agar- s urf a c e c ol oni e s 

OTHER 
C HARAC TERTSTIC S 

Indole tesr 
Urease test 
Cata lase  test 
Pathogenic: 
Parasit ic 
Coagulase test 
Homolysis test 

Gas  production 

+ Bryan 

Gaffkyya Tetragena 

acid produced 

white surface growth 
but with no 
liquiffcation 

smooth, circu:!.ar 
translucent white 
g 1 is t ening c 01 oni e s 
with entire edge 

no 

coagulase negative 

none + 

Alphaa 

acid produced 

no acid produced 

smooth I circular, 
translucent white 
colonies 

no indole produced 
urease produced 

nonheniol ytic 

none 

* U. S. Naval Medical School 
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TABLE IT (Continued) 

Ga ffk ya T e  traqen a -- 
human skin wclunds 

. and abscesses  

skin and mucous 
membranes of 
humans and 1,ther 
animals, anci iii the 
ai r  

tetrads in body fluid: 

does not reduce 
nitrates 

growth a s  sediment 
in broth 

21 

Alpha 

a specimen of solid 
propellant containing 
aluminum powder, 
ethylene oxide, and 
an inoculum of 
B, subtil is  var. nig3r 
spores 
- -_I 

dust a t  JPL - possihly 
a l so  people 

appearance in FTM 

form of colonies 

frequency of tetrads in 
smears from surface 
colonies 

ethylene oxide- 
res is tance 

sensit ivity t o  drying 
from suspension 
in  pure solvents 



TABLE 111 

GROWTH KATE OF STAPHYLOCOCCUS EPIDERMIDIS STRAINS 

Tubes of Trypticase soy broth which showed turbidity after inoculation wdth 
two different strains of Staphylococcus eDiderinidis- and incubation a t  37 (3 
for several  periods of t i m e  

1 Size of Inoculilrn2, logarithm 
Incub a tion of one-half the 

,111 

1. 

2. 

Strain x is a mutant of species alDha which is not resistant to 
ethylene oxide dissolved in  broth to  6ic extent of 0.4% and which 
does not liquify gelatin a s  alpha does. Strains 155a and 155b 
are  replicates,  of a suspension of cel l3  in  purified water, obtained 
from a single ampoule of ATCC 155 stretin of Staphylococcus 
epiderrnicl&. 

Cel l s  of ,3aphjrlococci occur mostly in multiples, i.e., diploids, 
te t rads ,  and small clusters (the name means cocci  which occurs in 
grapelike clusters).  For this  reason, a s s a y s  disclose the numbers 
of viable clusters  or particles. 
c lusters  are broken into smaller clusters which extends the range 
of infectivity of suspensions to  greater dilutions, 
that  at the higher concentrations the  actual number of viable 
clusters  is l e s s  than that indicated by conventional interpretations 
of ser ia l  dilution assays .  

On serial  dilution, some of the 

It a l so  means 
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TABLE IV 

TOXICITY OF SOLVENTS FOR MICROORGANISMS 
4 

Survival of microorganism populations (2 x 1 0  cells)  i n  suspension in 
several  common solvents at room temperature for two periods of time, 

Suspension Vehicle - B. sublil is .  var. niqer 

0 hours 4 hours 0 hours 4 hours 
Water + + + 
Ethanol 99% water 1% + + - 
Acetone 99%, water 1% + f - 
Methanol 99%, water 1% + + - 

5 1. One htndred thousand (10 ) ce l l s  in 0.1 m l  of water were 
dispersed in 10 ml of the solvent, Five percent of this 
population, i n  0.5 ml of the solvent, w%s transferred to  
Trypticase soy agar and iiicubated at 37 C for 3 days,  
T h e  -I- signs indicate some of the population survived. 
The  - signs indicate that no survivors were detected. 
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TABLE VI. 
TOXICITY OF YROPELL-NT INGREDIENTS 

'(Lot #7883 DR 27 and 28) 

:Bacteriostasis control for B. subti l is ,  var. L i a r  spores 
Bacteriostasis control for Alpha  

While 5. s u b t u ,  var, niqer did not grow, a contaminant did. 
25 



TABLE VII  

ETHYLENE OXIDE RESISTANCE OF S E V E W  SPECIES OF BACTERIA 
3- indicates that the inoculum grew in the broth when incubated 
40 hours at 37OC, - indicates that  the inoculum did not grow. 

1. 
2, 
3. 

The ethylene oxide was contained in  1 ml of an  aqueous solution. 
TSB means Trypticase soy broth. 
The inoculum was contained in 0 .1  m l  of viable particles suspended 
in water. 
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T B L E  VI11 

INOGTJLUMS OF EACH OF SEVERAL SPECIES OF MICROOKGANTSI\IIS REQUIRED 
y o  INFECT FLUID THIOGLYCOLLATE MEDIUM CONTAINING ETEYLENE OXIDE 
’\umber of -t signs indicates density of turbidity. - signs indicate no turbidity appeared. ‘L 

. .  
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TABLE E 

EFFECT OF DRYING ON VIABILITY OF 
STAPFIYLOCOCCUS X D E R M I D I S  POPULATIONS 

Numbers of c o  

1, The lnoculum was contained in  0 - 1  m l  of a liquid suspension 
of the cells. It was dried on a g lass  cover s l ip  in a n  open 
Petri dish for a period of 4 hours. The inoculum remained 
saturated for two of these four hou1.s. In both Tests 1 and 2 
for both Strains, the ce l l s  had been washed before they were 
suspended in  steri le purified water and used to inoculate the 
glass cover slips. In Tests 1 and 2 the inoculum was  dried 
i n  air  at 50% RH, T h e  cells used i n  Tests 3, 4;and 5 had 
not been washed, For Tests 3 and 4 the inoculums represent 
a serial  dilution of material flushed from a partially dried 
culture on t h e  surface of Trypticase soy agar. Though the 
dilutions were made in  steri le purified water, some of the 
agar and nutrients surely accomparied the cells into the  
inociilum where they could protect the cells from destruction 
b y  drying. In Test 5 t h e  inoculum was from a three-day-old 
cultcre in  fluid thioglycollate medium. While the  inoculum 
i n  Test 5 was dried simultaneously with and similarly to that 
of Test 2 ,  the  inoculum for Test 3 was dried in  dry air  and for 
Test 4 in dry nitrogen. 
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TABLE X 

ON POPULATIONS OF ALPHA ORGMJISMS 
! EFFECTS OF DRYING AJYiD FXPOSURE OF ETHYLENE OXIDE 

1 Number of colonies on each Trypticase soy agar plate after inoculation with a 
0,5-ml aliquot of the fluid thioglycollate suspension2 of the dried3 inoculum. 

. -  

I., Expected number of colonies, had all vlable particles in the inoculum on the coupon 
survived d ing and had been evenly dispersed in the fluid thioglycollate medium, 
\ IS 2 x 107. The inoculum on the  coupon contained, initially, 106 particles i n  0 - 1  
ml of liquid, On dryins these  particles could form cllimps which were not dispersecl 
adequately enough to dl sc lose  the true numbers of survivors. 
The dried inoculum was suspended in previously steri le fluid thioglycollate medium 
by putting the coupon (glass, teflon, or aluminum) into the medium aseptically and 
then sonicating the med.ium for 1 minute before shaking the jar of medium and with- 
drawing the 0,S-ml aliquot. 
The inoculum included 10 
and s m a l l  groups of cells)  dried for 24 hours in  the  indicated environmentsI 
The exposure was  to  saturated ethylene oxide vapor, containing water vapor in 
excess  of that  equivalent to  50% RH and a small amount of air. The exposure took 
place at room temperature. Exposure las ted for 2 hours. 

2. 

The coupons were all prepared and tested in  duplicate. 
viable particles (alpha occurs mostly as diploids, tetrads,  6 3. 

4. 
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TABLE XI  
EFFECT OF DRYING AND EXPOSURE TO ETI-IYLLENE OXIDE ON 

he number of + s igns  indicates the  turbidity of the  fluid thioglycollate medium containing 
the  dried ino.culum and coupon after incubation, - signs indica.te that  no turbidity appeared, 

DETECTABILITY OF POPULATIONS OF ,ALPHA ORGANISMS’ 

Support 

G l a s s  

Tefion 

AI- 

Aluminum 

Air at 50%RH 

-- 
Air at 50% RH 

Air at 50% RH 

1. The populations and their treatments are  describbad in  t h e  footnotes to Table X, 
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TABLE XI1 

COLOR' OF FLUID TWIOGLYCOLLATE MEDIUM CONTAINING 
DRIED INOCULIJM AND COUPON AFTER  INCUBATION^ 

' 

*. 
A 20-ml quantity of freshly prepared fluid thioglycollate medium in baby-food jars i:; 
straw colored. Because the head space over the med!um contalns oxygen, the broth 
soon becomes saturate2 and amber in color, but remains free of turbidity. Character- 
istically, the medium becomes increasingly reducing as populations of microoganism 
grow and consume  oxygen. 
develops The yellow color is usually accompanied by a dense turbidity. Occasionally 
the  microorganism population does not become large enough to produce turbidity but  
the broth develops a straw color again,  indicating oxygen consumption. 

The  broth had been sampled to  prepare the agar plates described in Table X. More-. 
over, some coupons coiitained viable particles of species other than alpha or B ,  subtilis, 
var. niqer. These part:i.cles produced yellow color in the broth. In interpreting the 
table, "amber" means that the broth appeared to cont3in no viable nor metabolizing 
cel ls  from the inoculum, A l l  amber colored broths were confinned to be nonbacteriostatic. 

The amber color than digappears and a yellow color 

2. 
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SUMMARY 

The exte:it and character of microbiological contamination in  
each of two batches of solid propellant were measured. In a portion 
of one batch a population a s  large a s  1 0  cells/millil.iter was found, 
.While no thermophiles nor obligate anaerobes were detected, inany 

species of aerobes and facultative anaerobes were. Several of these 

6 

species appear l o  be more resistant to ethylene oxide than are spores 
of: E. s&tilis, var. niger, 
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I. INTIIODUCTION 

That solJd propellants may contain microorganisms more resistant 
to ethylene oxide than arc? spores of E. subtili? var, nigerwas indicated 
by discovery of species of alpha. Species alpha was found in  aerobic 
incubation of pulverized solid propellant dispersed in Trypticase soy broth 
and incubated ai 37OC. This propellant specimen had been prepared from 
a formulation wl-icli had included both ethylenr: oxide and an inoculum of 
- B. subtilis var. n&&r spores,  Whether normally prepared solid propellant 
might also conte in  anaerobes, thermophiles 01 molcis more resistant than 
either alpha or E. subtilis var, niqer, when embedded in solid propellant, 
had been unresolved. 

Replicated specimens of two types of solid pimpellant and of a 
Pfaudler-got fuel mix (containing Alrosperse I polypropylene glycol and 
I ,  1 I 1 - trimethylol propane) were assayed for viable cel l  content and the 
ethylene oxide resistant species found identified with respect to morphologjr, 
Gram-staining characteristics and colony form and color. 

One specimen (SY 251/7) contained aluminum particles while the other 
(PUP 2/11) did riot. Both propellants u se  a polyurethane-type binder. Alpha- 
was isolated originally from a propellant simi:.ar to SY 2 51/7. 
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11, METE-IODS 

The solid propellant specimens ideiitifi2d in Table I were assembled 
in hermetically-s ealed,  polyethylene bays with the tools and supplies shown 
in Figure 1. The specimens were in blocks 2-1./2" x 3" x 3" in s i ze ,  The 
polyethylene bag was constructed of 4-mil polyethylene film and the seams 
were sealed by a heat scaling process.  In each bag with the propellant 
specimen and supplies,  was placed a jar containing a solution consisting of 
1 0 0  milliliters of liquid ethylene oxide and 1 rrdlliliter cf water. This 
solution evapora'.ed to saturate the air in the  b3g with ethylene oxide vapor 
and maintain the absolute humidity in the bag about that equivalent to  50 
percent relative humidity. The concentrations of ethylene oxide and water 
in  the bag were confirmed by gas  chromatography. The bags remained sealed 
for a period of 7 %  hours before the solid propellant specimens were sampled 
and pulverized particles dispersed in the previously steri le fluid thioglycollate 
medium (FTM) in baby food jars ,  

To sample a solid propellant specimen, it was transferred to one of the 
two powder collection compartments where it was abraded by the file while 
dry. A l l  particles were less than one millimeter in greatest  dimension with 
many of them in the micron range of s izes ,  The specimen and the file were 
removed from the powder collection compartment and were replaced by a jar 
containing 1 0 0  rr illiliters of sterile fluid thiog :ycollate broth, During the 
surface sterilization process the exterior of tha specimen had maximum 
exposure to ethylene oxide, If ethylene oxide penetrated the specimen, the 
exterior portion would show maximum effect of this penetration. Tn Table I 
the viable particle content of this powder is shown for those specimens which 
have been identified as "exterior (ETO)" . 

After approximately one gram of the powder was prepared and the 
replacement made I the passage between the compartment and the remainder 
of the bag was then closed using a heat  sealer. 
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The contents of the jar  of broth were poured into the hermetically 
sealed powder collection compartn:ent. After verifying the integrity of 

the sea l ,  the  entire bag and its contents were sonicated for one minute, 
The broth, now containing the pulverized propellant, was returned to the 
jar  which was then sealed and removed firom t h e  plastic envelope. The 
jar was wiped dry, 

Previous abrasion techniques have been perzormed while the 
specimen was submerged in broth or water in order to suppress the fire 
hazard. Under aqueous l iquids,  the ammonium perchlorate is rapidly 
extracted from the propellant and the abrasion occludes many organisms 
while it exposes others. When pulverized in the dry s ta te ,  the structure 
of the propellan; is preserved during the wetting with broth or water thereby 
reducing occlusion of viable cells. 

On wetting , the powdered propellant readily agglomerates into a 
clump, On wor?:ing, this clump can be compacted eas i ly .  In testing for 
viable ce l l s ,  atroidance of compaction is important and for this reason, 
the suspension including the clump was sonicated to hasten the penetration 
of the broth and the solution of the ammonium perchlorate. 

After tho exterior sample had been reniosed from the specimen, the 
specimen was sliced along the dotted lines shown in Figure 1, This cut 
exposed an interior surface for sampling. Thz smaller portion of the specirrlen 
was then put into the second powder collection compartment and approximaMy 
one gram of poTvder abraded from the freshly cut " interior" surface,  The st 2ps 

for suspending the powder in the broth were repeated, 

The gas  remaining in the bag with the tools and two blocks of specimen 
was then assayed for ethylene oxide and water vapor contents. The ethylene 
oxide content, in every case, was found to be less than 7 0  milligrams per 
liter and the  water vapor content to exceed that equivalent to 50 percent 
relative humid! ty  , 

The bag for one of the propellant specimens contained, in  addition to 
the tools and supplies discussed above, a microtome, tweezers, and a 
third jar of broth. After the powder specimens had been collected,  a 
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$ portion of propellant from the interior of the specimen was placed in the 
microtome holder and s l ices  approximately 4 00 microns thick were removed 
from i t  and placed i i t  the previously steri le broth. Approximately one gram 
of propellant was transferred to the broth in  t h k  manner, 

Using a steri le pipette and asept ic  teclinique, one milliliter of the 
Pfaudler-pot fuel mix was transferred to  the previous1.y sterile broth. 

Bacteriostasis controls on the broth were prepared by having a 
third bottle of broth in two of the bags.  These broths were confirmed to 
be nonbacteriostatic to spores of G. s p o r o g e n s ,  
all jars s t i l l  s h o d n g  no evidence of bacterial populations were inoculated 
with one-half mi'.liliter of the fluid from one of the jars showing turbidity, 
On further incubation, turbidity and a yellow color developed in every one 
of the jars ,  verifying absence of strong bacteriostatic effects. 

After 72 hours incubation, 

Within two hours after the pulverized specimen was suspended in the 
a 0 5-milliliter aliquot previously sterile fluid thioglycollate medium (FTM) 

of the suspension was withdrawn and placed on the surface of Trypticase 

I soy agar (TSA) aiid incubated there under each of the conditions shown in 
Table I. In addition, Sabourauds dextrose aga-  (Sab) and anaerobic agar (I&) 

in  large deep tes t  tubes were inoculated with 0.5-milliliter aliquots of the 
suspension and lncubated under each of the corresponding conditions shown 
in Table 1. 

The jars containing the suspension of xdverized propellant and the 
Pfaudler-pot fue: mix were incubated a t  37OC .:or 6 hours (10 hours in the 
case  of Specimens No. 4 and 6) after which a second se t  of plates and AA 

tubes were inoculated with 0.5-milliliter aliquots . The jars were then 
returned to the incubator where they remained until a total of 7 2  hours had 
elapsed, They were then sampled again for the presence of anaerobes and 
then tested for bacteriostasis in the manner described above. 

A l l  plates were incubated for 7 days before final colony counts were 
recorded. On the right s ide of Table 1, the information under the heading, 
" in  FTM a t  37" describes the appearance of the broth in the baby food jars 
when they were tested for the presence of anaerobes and bacteriostasis. 
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Under the heading "on Brewer plates" are recorded the nulnbers of 
colonies appearing on the surface of anaerobic agar (AA) inoculated with 
0.5 milliliters of the  fluid i n  the incubated 'baby food jars.  Anaerobic 
incubation was provided by use of Brewer anaerobic plates. In most cases  
the colonies were mucoid and coalesced to for-n one large colony. 

The integrity of the same closure on these same baby food jars, 

with respect t o  ethylene oxide penetration, was established by many tests 
in earlier laboratory studies. 

The footnotes following Table I1 present specific information about 
the details of the tes t s  whose results are  reported in that table. 
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ZIT. RESULTS 

Table I shows the nuinbers of naturally occurring microorganisms 
wliich can be detected in five milligrams of pulverized solid propellant 
or Pfaudler-pot f u e l  mix. Two of the specimens contained in excess of 
1 0  viable cells per milliliter. The most prevalent species  seemed to be 
a Gram-negative aerobic bacillus which was not, however, particularly 
resistant to ethylene oxide in ethylene oxide-screening culture but 
seemed to survive exposure to surface sterilization. The preparation of 
the  ethylene oxiile-screening culture is described in a .note following 
Table IT. 

6 

On incubation of the suspension of pulverized propellant, the 
numbers of viable cells of some species seemed to decrease while those 
of other spec ies  seemed to increase.  The frequency of occurrei>ce of cells 
of anaerobic spccies  seemed to  parallel the frl?quency of appearance of 
cells of aerobic spec ies ,  1 

When the plates contain many colonies, the frequency of colonies 
from two or more viable cells coalescing to appear as one colony increases ,  

' In addition, cells which are  late in germinating find that the agar has  been 
depleted of nutrients by those cells which developed colonies earlier. Som3 
strains and species produce substances which suppress the proliferation of 
other strains of microorganisms. In the interp-etation of the information in 
Table I ,  little reliance can be placed on the n.imbers recorded for a particulsr 
type of colony when either many colonies or many types of colonies were 
observed. The information in the table does show that never more than five 
really distinct types of colonies appeared on any one plate and that some 
plates contained relatively many colonies while other plates contained 
relatively few. Comparisons of relative numbers of colonies of different 
species  appearing on any particular plate are :lot mzaningful. Differences 
may be due more to  conditions of incubation than anything e l se .  
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Earlier work had found that as few a s  1 0 0  viable spores per milliliter 
of R. subti l is  var. niger in solid propellant, which contained aluminum I were 
detectable when the propellant was pulverized by shaving d t h  a microtome. 
N o  B. subtil is  var. niqer cells were found in any of the propellant studied in 
the program reported here I though cel ls  resembling species alpha were found. 
A variety of reasons why the microtomed specimen failed to show contamination 
could be offered, but t o  establish which reasons are correct would hatic 
required an effort beyond the scope of the program. It was sufficient to show 
that the f i le  abrasion of dry propellant was a sufficiently sensi t ive techniquc 
for detection of microbial contamination to be useful. 

- 7- 

Table T Lhows that the microbial contamination .was not uniform throlgh- 
out a single block of cast 
the microbial contamination was introduced la te  in the mixing process or 
during casting. This indication is supported by the failure of the testing 
technique used to find any viable cel ls  in  the Pfaudler-pot fuel mix or any 
of the ingredients of the propellants. These techniques were not sensit ive 
enough to  rneasLre very low orders of contamir!ation but were established 
to  measure moderately large contamination loads. 

propellant. This observation may indicate that 

Table TI describes the characteristics of many of the species of 
microorganisms found in  the solid propellant specimens. The characterist ics 
of. the spec ies  alpha, found earlier in solid propellant, beta ,  found to  be 
a particularly ethylene oxide-resistant species  present in dust at JPL, and 

phi, identified a s  a strain of B. lichenformis, have been included in the 
table 
than *alpha were grown on anaerobic agar in Br3wer anaerobic plates and in 
fluid thioglycollate medium rather than on the Tiypticase soy substrates.  
The descriptions of colonies on the anaerobic plates may not correspond with 
those of ethylene-oside resistance because the anaerobic plates contained 

For purposes of colony description the facultative species, other 

mixed cultures of possibly widely varying resis tance to  ethylene oxide. 

By the Greek and Hebrew letters in f rbnt  of the numbers, Table I 
shows the  source of many of the species  of microorganisms described in  
Table 11. The five colony types indicated in Table T do not signify the same 

types  of colonies for a l l  of the plates.  The presence of other species and 
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, . greater numbers of colonies on some plates than on others causes a change in 
the sizes and appearances of the colonies. In addition, the appearance of 
the colonies of a particular species will vai-y with incubation conditions, For 

this reason, the se t  of colonies chosen for identificatioii may contain 
replications and most likely- will.  
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IV. CONCLUSIONS 

1, Several varieties of microorganisms are present in the solid 
propellant, some to the extent of 1 0  per inilliliter, Most of 
the eas i ly  detected species are aerobes though many facultative 
anaerobes are a lso present, Thermophiles are few.  

6 

2. Among the species of microorganisms found in the solid propellant 
were several. more resistant to ethylene oxide than are spores of 
- B. -- subtil is  var. niger under the conditions of the tes t .  

3. The extent cf contamination, varies within a single block of cas t  
propellant. The greatest contamination is not necessarily either 
the first or las t  portion cas t .  

4. The microbial contamination in the specimens containing aluminum 

powder (SY 251/7) produced fewer colonies on the assay  plates than 
did the specimens which contained no alurninum powder. While this 
effect could have been due to the presenca of the aluminum particles 
it could equally well be due to  the batch-to-batch variation in the 
preparation of the propellant. The absence of microbial flora in the 
pot fuel mix indicates that detectable microorganlsms were present in 
numbers fewer than 1 0  per milliliter on the basis  of the sampling 
s ta t i s t ics .  If the pot fuel mix is bacteriostatic to any degree even 
10  cells/milliliter may fail  to show their ~r iabi l i ty  in the a s s a y  procedures 
used. The difference in numbers of viable microorganisms in the propellant 
and in the Pfaudler-pot fuel mix indicates that the contamination occurrzd 
after this  fuel mix was prepared. The work in  Task T indicates a lso that 
the contamination came either from accidental contamination during the 
mixing or casting operation or that microorganisms of certain species 
proliferate i n  the solid propellant. The specimen which contained the 
greatest  number of viable cells was storetl for 8 months before it was 
sampled and. tested for microorganism content. 

10 



5 .  On suspension of microorganisms in broth, the numbers of some species  
decrease so  that the abil i ty to detect  the presence of these species 
depends upon the promptness of the a s say  of the suspension. 

6. Abrasion of ,the propellant while it is dry produces fine particles 
from which microorganisms can be recovered a t  l eas t  a s  well as 
from microtomed slices 400 microns thick 

7. Under the conditions usedl  ethylene oxide does not penetrate a 
block of solid propellant deeply. Some does penetrate deeply 
enoagh, however, to  reduce the s i z e  of the viable population near 
the surface ,. 
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TABLE 11 
CHfiUCTER1ISTTCS OF SPECIES OF MICROORGAhTXSMS 

RECOVERED FROM SOLID PROPELLANT SPECTMEP*IS 

Characteris t ics  

CELLS 

Type 
Cel l  diameter, microns 
Cel l  length, microns 
Gram-staining 

characteristics 
S pore-s taining 

characteris tics 
Aggregation 

CULTURES 

1 Oxygen re quiremen ts 
Ethylene oxide resistance 
Environmental reqiiirements 

TSA a t  5S°C 
TSA a t  37OC 
TSA a t  25OC 
§ab at 250C 
AA a t  37OC 

Popul tions distribution in 
broth f: 

Uni form 
Sediment 
Clumps of filaments 
Pellicle 
Location of p Alicle 
Clear zone at top 

Turbidity of culture in brot? 

COLONIES . 

Colony type on agar 
0 pa cit y 
Color 
Diameter, millimeters 
Edge 
Texture 
Profile 

Species Code 

Alpha 

coccus 
0 . 5  

Gram- 
I- 

positive 

ne g at ive 
tetrads and 

diploids 

facultative 
+++ 

++ 

Yes 
Yes 
in FTM 
no 

in FTM 
medium 

-- 

smooth 
trans lucent 
gra y-white 
1-3 
round 
shiny 
convex 

. Beta 

rod 
1 .0  
5 - 6  
Gram-pas ltive 

granules 

central spores 
chains 

aerobe 
I-++. 

+++ 

rough 
opaque 
light yellow , 
5 
lobed 
dull 
convex 

Theta 

rod 
0 * 9  
3 - 4  
Gram-variable 
t ermin a 1 granul E 

central sjiores 
chains 

aerobe 
+f+ 

- 
+++ 
-i- 
-I-+ 

Yes 
Yes 
no 
Yes 
top 
no 
medium 

rough 
opaque 
gra y-wh i t e 
1 0  
lobed 
dull 
flat, 

18 



TABLE 17. (Continued) 

Characteristics 

CELLS 

Cell diameter, microns 
Cell  length microns 
Grain - s t a in in g 

Spore-s taining 

Aggregation 

Type 

Characteris t ics  

Characteristics 

C U L T U E S  
Oxygen requtrements I 
Ethylene oxide resistance 
Environment a 1 requirements 

T S A a t  5S°C 
TSAat  37gC 
TSAat 2 5  C 
Sab at 2 5 O C  
AA a t  37Oc 

Popuiations distribution in 
broth3: 

Uniform 
Sediment 
Clumps or filaments 
Pellicle 

. Location of yt'llicle 
Clear zone at  top 

Turbidity of culture in  broti 

COLONES 
Colony type on a j a r  
Opacity 
Color 
Diameter, millimeters 
Edge 
Testure 
Prof i 1 e' 

Species Code 

Kappa -----'I-- l___l_ 

-- 
rod 
0.5 
1 - 2  

negative 

terminal spo r~  
single 
diploid 

negative 
clusters 

smooth 
transparent 
light: yellow 

round 
shiny 
convex 

1/2 

aerobe 
i- 

I 

++-I- 
-I-+ 
4- 

Y e s  
Yes 
no 
no 

no 
light 

-- 

s mooth 
translucent 
orange 
3 
lobed 
shiny 
.flat 

Lambda 

rod 
0,6 
3 

Gram-positive 

negative 
clusters 

aerobe 
+++ 
- 

. -I-++ 

Yes 
Yes 
no 
no 

no 
dense 

-- 

rough 
opaque 
gray- wk.ite 
2 
irregular: 
dull 
flat 
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TABLE TI (Continued) 

Characteristics 

CELLS 

Type 
Cel l  diameter, microns 
Cell length, microns 
Gra m-s taining 

S pore-s taining 

Ag greg at  i on 

ChaTacteris t ics 

Characteris t ics  

CULTURES 

1 Oxygen requirements 
Ethylene oxide resistance , 
Enwii-on menta 1 re @remen t s  ' 

TSA a t  55OC 
TSA at  370C 
TSA a t  2SUC 

'AA at 37 C 
Sab at  25% 

Popidg tion distribution 
broth. ! 

Uniform 
Sediment 
Clumps or filcmen 
Pellicle 

in 

S 

Location of Pellicle 

Turbidity of culture in broth 
.. Clear zone a t  top 

COLONIES . 

Colony type on agar 
Opacity 
Color 
Diamster, millimeters 

Texture 
P.rofile 

Edge . 

--- 

-- Mu 

rod 
0.5 
1 - 2  

negative 

n eg a t Iv e 
single,  clusters 

Species Code 

aerobe - 
I 

++ 
3-4- 
+- 

smooth 
trans lucent 
ye 11 ow 
2 
round 
shiny 
convex 

20 

Nu 

rod 
0.9 
3 - 4  

Gra rn-variable 

central sporzs 
c h a ins 

aesobe 
+++ 
- 
+I-+ 
-I-+ 
-!-+ . 

Yes 
Yes 
no 
Yes 
top 
no 
dense 

rough 
opaque 
gray -wli i t e 
10 
lobed 
dull 
flat 

--- 
xi 

rod 
0.5 
1 - 2  

ne gat ive 

ne g at ive 
clusters 

smooth 
transparent 
light yellow 
1/2 
round 
shiny 
convex 



I 

Cliaracteristics 

CELLS 

TY Pe 
Cel l  diameter, microns 
Cel l  length, microns 
Gram- staining 

Characteristics 

Spore- s ta ining 

Aggregation 
Cliaracteri stic: s 

CULTURES 

1 Oxygen requirements 
Ethylene oxide resis tance 
Environmental requirements L 

TSA at  5 5 : ~  
TSA at 37,C 
T S A a t  X 0 C  
.Sab at 250C 
AA a t  37 C 

Popul tioris distrjbution in  
broth 2 . 

Unif or-in 
Sediment 
Clumps or fikrnents 
Pellicle 
Location of pellicle 
Clear zone a t  top 

Turbidity of culture in  broth 

COLONIES . 

Colony type on agar 

Color 
Diameter, millimeters 
Edge 
Texture . 
Profile * 

Opacity 

TABLE 11 (Continued) 

--_L_.- -- 
Species Code 

Omicron 

rod 
0.5 
1 - 2  

neya tive 

ne y a L iv e 
c lu s t er s 

smooth 
tra 1-1 s parent 
light yellow 
1 
round 
shiny 
convex'. . 

P i  

rod . 

0.9 
3 - 4  
Gram - pos itivc 
Terminal 

Granules 

central spores 
chains 

aerobe 
I 

- 
. +sf- 
++ 
+ 

rough 
opaque 
gra y-white 
7 
lobed 
dull 
f lat  

Rho 

rod 
0.5 
1 - 2  

ne g a tiv e 

negative 
clusteis  

smooth 
transparent 
light yellow 

round 
shiny 
c o nv ex 

1 /z 

2 1  



TAELE I1 (Continued) 

..l_l__l- .- 

Characterist ics 

CELLS 

Type 
Cel l  diameter, microns 
Cel l  length, microns 
Gram-staining 

Spore-staining 

Aggregation 

Characterist ics 

C ha ra c t er i s t i c s 

CULTURES 

1 Oxygen requirements 
Ethylene oxide resis tance , 
Environrnentalorequfrern ents '  

TSA at 5sOC 
TSA at 37,C 
TSA at 2S0C 
.Sab at 2S0C 
AA a t  37 C 

Populations distribution in 
brot113: 

Uniform 
Sediment 
Clumps or filaments 
Pellicle 
Location of pcllicle 
Clear zone at top 

Turbidity of culture in  brotk 

COLONIES . 

Colony type of a g x  
Opacity 
Color 
Diameter, millimeters 
Edge 
Texture 
Prof i I  e' 

Species Code 

Sigma 

rod 
0.5 
1 -- 2 
negative 

negative 
clu'st er s 

aerobe - 
- 
+++ 
+f 
+- - 

smooth 
tra nslucerit 
y el 1 ow 
1 
round 
shiny 
c onv ex 

5 ' .  Tau 

coccus 
, 0.6 - 0.8 -- 

Gram-positive 

-- 
diploid, tetrad 
small. irregular 
c lusters  

f ac ul t a t iv e 
-t 

+ 

no 
none 
filaments -- -- 
y e s  
filaments 

smooth 
opaque 
white 
1 - 2  
round 
shiny 
convex 

-- 
5 Upsilon 

- --- 

coccus 
0.8 - 1.0 -- 
Gram-posltive 

-- 
s m a l l  irregular 
c lu  stet si 

facultative 
++-b 

4- 

no 
none 
no 
Y e s  
upper ZOI! e 
no 
confined to 
upper z o rl e 

smooth 
opaque 
white 
1 - 2  
round 
shiny 
convex 
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Characteristic s 

CELLS 

Type 
Cell diameter, microns 
Cell length, microns 
Gram-staining 

Spore-staining 

Aggregation 

Cliaracteri s tics 

Characteristics 

CULTURES 

1 Oxygen requirements 
Ethy1.ene oxide resl.stance 
Erivirorinent-a 1 requirements 

TSA at 5 5 . 0 ~  
TSA a.t 370C 
TSA at 250C 
Sab at 2SOC 
1AA at 37 c 

Popul t ions distribution in 
broth 5. . 

Unif orin 
Sediment 
Clumps or filaments 
Pellicle 
Location of pcllicle 

Turbidity of culture in  broth 
. Clear zone at top 

COLONIES . 

Colony type on agar 
Opacity 
Color 
Diameter, mil1ime:ers 
Edge . 
Texture 
Profile 

TABLE IT (Continued) 

A - 
. Species Code 

Phi4 

rod 
0.5 - 0,9 
3 - 4  
Gram-positive 
terminal granule 

te rn  inal spores 
sinyles and cliainz 

a erob e 
4- 

+-H 

yes 
no 
no 
Yes 
top 
no 
dense 

rough 
opaque 
light yellow 

1 ob e d-rhiz o id 
dull 
f la$ 

6 - 10 

23 

Chi5 

rod 
0.9. 
4 - s  
Gram - p o s it ive 

negative 
chains 

f ac ul t a t iv e 
+sf 

4- 

no 
none 
no 
Yes 
upper zone 

confined to 
upper zone 

no 

- 

ni uc  o i d 
trans lucent 
cream 
2 - 3  
irregular 
membranous 
flat 

. .  

- 
Psi5 

rod 
1 - 1.5 
4.0 
Gram-positive 

negative 
chains 

fa cul ta t ivo +++ 

-f- 

no 
none 
no 
Yes 
upper zone 
no 
confined to 
upper zone 

mucoid 
trans lucent 
cream 
2 - 3  
irr e y ula r 
membranous 
f \at 



TA!3LE I1 (Continucd) 

i 

Characteristic s 

CELLS 

Type 
Cel l  diameter, microns 
Cel l  leny-ik, microrts 
Gram-staining 

Spore-staining 

Aggregation 

Characteris t i cs  

Characterist ics 

CULTUiiES 

Oxygen requirements 
Ethylene oxide resis tance , 
Enviromn enta 1 requir e m  ent s ' 

TSA at SSZC 
TSA at 370C 
TSA at 250C 
Sab at 250C 
'M at 37 C 

Populgtions distribution in 
broth : 

Uniform 
Sediment 
Clumps or filaments . 

Pellicle 
Location of pellicle 
Clear zone at top 

Turbidity of culture in  broth 

COLONIES . 

Colony type onagar 
0 pa city 
Color 
Diameter, millimeters 
Edge 
Texture 
Profile 

--- 
5 Omega 

coccus 
0.8 - 1.0 

Gram-positive 

-- 

diploid, tetrad, 
small c lusters  

facultative 

4- 

Species Code 

smooth 
opaque 
white 
1 - 2  
round 
shiny 
convex 

coccus 
0 - 6  - 0 . 8  -- 
Gram - po s i t iv e 

single, diploid 
trieid and tetra1 

facultative 

smoot11 
opaque 
white 
1 - 2  
round 
shiny 
convex 

Beth5 

coccus 
0.8 - 1.0 

Gr.a m - po s f.t ive 

ne y a t  ive 

single,  diplold , 
triad, . tetrad., 
small c l m t e r s  

facult a t  iv 2 ++ 

-I- 

no 
none 
no 
Yes 
upper z o r.e 
no 
confined to 
upper zone 

smooth 
opaque 
white 
1 - 2  
round 
shiny 
convex 
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TABLE I1 (Continued) 

---I Species Code 1 palet11 5 H e  5 Characteristics 5 Gimel 
I .---- -- -_I__ 

CELLS 

Type rod coccus rod 
Cell  diameter, microns O e 9  1,O - 1.5 0.9 

4.0 Cell  length, microns 4.0 
Gram- staining 

Characteris t ics  Gram -positivs Gram-positive Gram-positive 
Spore- staining 

Characteristics Central spore -- negative 
Aggregation Single and chain tetrad, sinall single, chain 

-- 

c lus  L er s 
___--. 

CULTURES 

Oxygen requirements 

Environmental requirements 
TSA a t  5 . 5 3  
TSAat 370C 
TSA a t  2S3C 
Sab at  25,c 
A& a t  37 C 

Ethylene oxide resistance 

Populations distribution in 
broth3 : 

Uniform 
Sediment 
Clumps or f ikments  
Pellicle. 
Location of pellicle 
Clear zone a t  top 

Turbidity of culture in  broth 

COLONIES 

Colony type on agar 
Opacity 
Color 
Diameter, millimeters 
Edge 
I exture 
Prof i 1 e 
rI 

/ 
L, 

w 

E 

facultalive facultative f a cult a t  iv e 
++-I- 4- -u- 

3- -t- 3- 

no no no 

no nons no 
Yes Yes Yes 
upper zone upper zone upper zone 
no no Z-lO 
confined to confined to confined to  
upper zone upper zone upper zone 

none none nolle 

mucoid smooth mucoid 
translucent opaque trans lucent 
cream 
2 - 3  1 - 2  2 - 3  
irregular round irregular 
membranous shiny membranous 
flat  . convex flat 

white cream 

- 
25 



C harilcteristic s 

CELLS 

Type 
Cell diameter, microns 
Cell length, microns 
Gram- staining 

Spore-staininy 

Agyr egation 

Characteristic!; 

Characteristics 

CULTURES 

1 Oxygen requiremeixs 
Ethylene oxide resis tance 
Environmenta 1 requ lrenients 

TSA at 5 5 3  
TSA at 370C 
TSA at 250C 
Sab at 250C 
AA at 37 C 

Populations distribution in  
broth3 : 

Uniform 
Sediment 
Clumps or filaments 
Pellicle 
Location of pellicle 

Turbidity of culture in  broth 
’ Clear zone at top 

COLONIES 

Colony type on agirr 
Opacity 
Color 
Diameter, millime1:ers 
Edge 
Texture 
Profile 

TABLE I1 (Continued), 

-- - 
Species Code 

F-- 
I 

C1, sporoyeiies 

rod 
0.5 
3.0 
Gram in - po s it iv e 

Terminal spore 

single, chain 

anaerobe 
3- 

no 
none 

Yes 
middle third 
Yes 

90 

mucoid 
translucent 
cream 

irr e g ular 
membra nous 
flat  

2 - 3  

5 Zayin 

rod 
0.9 
4,O 
Gram-positive 

single,  chain 

faculta tivc 
+-I-+ 

-# 

no 
none 
no 
Y e s  
at the top 
Yes 
dense  

smooth 
trans parent 
light yellow 
1 
round 
shiny 
convex 

Cheth 

mold spore 
3 - 4  
5 - 7  

aerobe 

4-4- 

opaque 
green 
20 
round 
felt  l ike 
f la t ,  concentric 
rings 
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TABLE IT (Continued) 

Footnotes 

1, Ethylene oxide resis tance was measured by a screening test which 
determined whether or not the species  could grow in fluid culture i n  
the presence of ethylene oxide in aqueous solution. The ethylene 
oxide-screening broth was prepared by mixing into sterile broth a 
solution of one milliliter of cold liquid ethylene oxide in nine 
milliliters of cold water in the ratio 1 of solution to 2 5  of broth. 
Trypticase soy  broth was used for all species  except those identi-. 
fied by a sclperscript I t  5" 
used. This; screening test was based on a procedure developed in 
Task I which permitted comparison with the results obtained by other 
investigators. 

For these ,  flcid thioglycollate medium was 

The ethylene oxide resis tance of species  bmeqa and -alpha were not 
measured kecause only one colony on eat:h of their respective 
initial idectifying agar plates was sufficiently isolated that a mixed 
population could be avoided, The minus sign for ethylene-oxide 
resis tance indicates that this species  would not grow in the ethylene 
oxide-screening broth whereas the plus signs indicate that it did 
grow. The greater the number of plus s icns ' the  greater the vigor of 
the observed growth in the screening brofh. One or more colonies 
identified :.n Table I were collected from the surface of the agar and 
transferred on a loop to the broth for inciibation. N o  attempt was 
made to quantitate the infectivity of the species  for ethylene ;oxide- 
screening broth. 

2, The environmental requirements tests for aerobes were made by  
streaking the  surface of the indicated agars with a loop of the 

inoculum tsken from a colony identified i n  Table I. The population 
appeared as a continuous colony along the streak. A single plus sign 
indicates a visible colony, two plus signs indicate a moderately dense 
population, and three plus signs indicate very vigorous growth along 

27 



the streak. A blank indicates that no test was made. 

The Trypticase soy agar (TSA} and the Sabowauds dextrose agar 
(Sab) were obtained from Hyland Laboratories a s  Pre-hfed Monoplates . 
The anaerobic agar (AA) 
Trypticase soy broth (TSB) were prepared from dry powder supplied by 
B a 1 t i  rn ore Biologic a 1 La  bora t ory . 

fluid thioglycollnte medium (FTM) I and 

The environmental requirements tes t s  for the facultative species  were 
made by observing colonies on the surface of anaerobic agar and in 
deep tubes of anaerobic agar. 

3+ The observations about the cultures of the several  species were made 
on tubes coitaining the species in the ethylene-oxide screening 
cultures described in footnote No,  1 above, Some of the species  were 
grown i n  fluid culture without ethylene oxide, The presence of ethylene- 
oxide did not chanse the appearance of the culture. In most cases, 
however, the cultures in FTM appeared quite different from cultures of 
the same species in TSB. The aerobes confined their growth to  a band 
at the top of the broth but large amounts of cells collected a t  the 
interfaces between the aerobic and the arzaerobic zones t o  form a 
sfncture resembling a pellicle. Below this interiace, the cells formed 
a clumpy turbidity with varying amounts' of clear broth, In TSB, the 
aerobes produced a more or less  uniform turbidity. In every case 
population yrowth in FTM removed all shades of red color from the 
broth 

4. This.species did not occur in the solid propellant but has  occurred as a 
contaminate in our laboratory. It was present in large numbers in 
the dust specimens studied in an earlier program, It grows very 
rapidly and suppresses  the growth of alpha when the two occur together, 
It has  been identified a s  B. lichenformis sp ,  

5. The colonies of these organisms were isclated initially by incubation of 
an inoculum taken from the incubated ba ly  food jars and placed on the 
surface of anaerobic agar in a Brewer anzerobic dish. They were 
incubated at 37OC.  
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I. INTRODUCTION 
I 

The objective of Task TIT is to determinz the minimum number of 
microorganisms that can be inoculated in solid propellant and subsequently 
detected by cultural techniques . This extinction value (minimum number of 
microorganisms allowing detection) defines the l i m i t  for detection of growth 
of the added inoculum. Tn Task TV experiments, selected levels of organisms 

, will be added as inocula to  solid propellants; :;terilization procedures will 
be applied and the propellant will be subsequently cultured. The absence 
of growth of the 3dded inoculum does not necessarily mean that no organisms 
survived the sterilization procedures. Rather, it indicates that  fewer 
organisms survived than represented by the extinctior? value established in 
Task TIT, Ohviously, the smaller the s i z e  of the inoculum that can be 

detected by growth in culture, the greater the degree of confidence one may 
place on the effcctiveness of the sterilization procedures applied, 

The methDds for culturing the inoculated propellant was purposefully 
adapted for detecting the organism present in the inoculum. It must be 
emphasized that the conditions for assess ing  the presence of microorganisms 
in  this task may not be ideally suited for the detection of all organisms. 

During tke course of work on this task it became apparent that  certain 
modifications m t s t  be made in the recovery techniques used in earlier work 
in  order to increase the sensit ivity of detect ioi  of organisms. Certain 
inhibitory substznces were present in the prop3llant that  were not found in 
other solids that were studied and these inhibitors had’to be neutralized 
before a maximuin recovery efficiency could be obtained. In addition to the 
neutralization approach, improvements were made in the method af pu1verizi;ig 
the material and in the preparation of the media. All of these  changes 
tend to  optimize the results and as a result  the efficiency of the recovery 
was substantially improved over the work don€ in previous studies.  

b . .  . .  
4:,; 



The results of our work in Task TIT have a l so  indicated that ultimately 
these bas ic  recovery techniques can be refined and extended until they may 
ultimately reach an efficiency of less than one microorganism per cubic 
cent i meter . 
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TI, METHODS 

A, PREPARATION AND ASSAY OF INOCULUM 

The organisms studied in Task IT1 were Bacillus subtilis var, niger, 
c_ C1, sporoqenes , Serratia marcescens , U l o c l a d l ,  and Staphylococcus 
epidermidis . 
1. Bacillus _II subtil is  and Serratia marcescens 

These orlganisms were suspended in di:.ution vials  and viability counts 
were performed following- decimal dilution by plate counting techniques within 
three days of the t i m e  the samples were prepared for submission to lpL, 
The organisms were adjusted to yield final concentrations of lo’, 1 0 3 t  1 0  
organisms per cm propellant. The organisms were intimately intermixed 
with heat steri l ized dry Celite (2-3 grams per each level of organism inoculum), 
and submitted to  JPL for incorporation in propellant specimens. 

4 
3 

2. Staphylocoszus epidermidiz 

This organism was maintained on Trypticase Soy Agar (BBL) . Inocula 
- from these agar s lants  were made into Trypticase soy broth. During the 

period of accelei-ated growth (logarithmic phase) the organisms were recovei ed 
-from the culture media by centrifugation. The.f were washed three t i m e s  
in steri le dis t i l lsd water and resuspended in a s m a l l  volume of sterile 
distilled water, The cells were assayed  by decimal dilution and plating 
techniques utilizing Trypticase Soy Agar. 

3 .  Clostridium sporogenes 

The Clostridial spores were prepared by growing vegetative organisms 
in Brain Heart Trfusion Broth (DIFCO) . Calcium chloride was added a s  a 
supplement to t1,e media at a final concentration of 1% to enhance sporulation. 
The organisms were harvested by centrifugation at approximately 1000  x g 
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> and the sediment was examined microscopically to insure that they were 
in  the form of spores. The supernatant fluid was discarded and the spores 
were washed three times by alternately centrifuging and resuspending in 
steri le distilled water. The washed resuspended cells were subjected to 
exposure to heat  a t  8OoC for a period of 1 0  minuies to destroy surviving 
vegetative forms and to ensure that only the spores survive. Following this 
heat  shock s tep ,  the cells were stored a t  5OC until required a s  an inoculum. 
1.n order to provide the inoculum at specific levels for JPL, the cells were 
assayed by decimal dilution in anaerobic deep agar tubes and by the use 
of Brewer Anaerobic Agar (BBL) plates.  

4. Ulocladium 

The _Ulocladium was grown on Sabourautl agar medium (DIFCO) . The 
organisms were harvested at the end of the first week of growth in distilled 
water and were subjected to sonication in an Acoustica Associates Model 
DR 50 AH ultrasonic bath for a period of 20  minutes at 40 to 60 ma, a t  a 

power output w'nizh produced cavitation. Following sonication the cells were 
centrifuged at 1000 x g for 1 0  minutes, the supernatant fluid discarded and 
resuspended in  steri le distilled water. This procedure was repeated twice. 
The cells were then resuspended in sterile distilled water in a sterile solution 

-bottle and maintained a t  5OC until required for use  as inoculum. At  the 
t i m e  of submission of the organism to JPL, plats  counts on Sabauroud agar 
.medium (DIFCO) were perforned. 

In all instances the assayed microorgar-.isms were mixed in small 
volume with a proportionately greater volume of heat  sterilized Celite (Johns- 
Manville) . The total  weight of the Celite used for each  level of organism 
inoculum ranged between 2 and 3 grams. With the exception of the "mixed 
inoculum" all organisms were supplied to yield three levels of concentration 
l o z /  l o 3 ,  1 0  /cm propellant. The mixed inoculum was supplied at . levels 

I 3 3 to yield 1 0  , l o 2 ,  and 1 0  organism/cm propellant. The contents of the 
vials were added to 1 0 0 0  grams of propellant fcrmula by personnel at JPL. 

4 3  

4 



The propellant is composed of; , .  

ammonium perchlorate 
alrosperse (reaction product of equal mixture of 
s tear ic  acid and diethanolamine) 
pheny 1-beta-naphthylamine 
1, 1 1 -trimethyl01 propane 
ferric acet  ylac etonat e 
2 ,  4-to!;:me diisocyanante 
poly propylene glycol 
alumi.ium oxide 

The propellant was returned to Dynamic Science a s  soon a s  possible 
following a 3 to 4 day curing period and immedi<itely assayed for surviving 
organisms. 

B, PULVERIZATION OF PROPELLANT 

The propellant was enclosed in polyethylene sterilant bags (to liter 
capacity) as shomn in Figure 1. These bags were equipped with a Teflon 
gland which permlts the maintenance of a gas-tight system during the t i m e  
period in which the contents of the bag are being sterilized. Each sterilant 
bag contained 60 to 7 0  nil of ethylene oxide (Matheson research grade), 
in a shallow dish,  Several paper towels previo 's ly  moistened with water 
were included in the bag to  assure that humidity was near 50 percent. The 
effectiveness of Ethylene oxide sterilization is markedly increased with 
elevated humidity. This atmosphere was maintained within the bag for a 
period of 1 2  to 1 6  hours to  insure ample time fol- surface sterilization. The 
gland attachment I following sterilization, is subsequently attached to auto- 
clave sterilized cotton packed exhaust tubing, The bag is evacuated using 
a water vacuum pump, after which the tubing is detached and sterile air is 
allowed to refill the bag and the bag is re-evacuated. Alternate exhaustion 
of the ethylene o2ide from the bag and replacement with sterile air is thus 
accomplished. This procedure was repeated three times. Several dry paper 

5 



\ \ \\ 

n l  

‘6 

.. a z 
W 



towels were included in the sterilant bag to remove droplets of moict ., ure 
from the internal surface of the bag. A segment of copper wire approximately 
0 . 5  mm in diameter was attached through the conductive Fortion of the gland 
to a suitable ground, On the inner aspect  of the bag the copper wire was 
attached to the  blade of the saw. These precautions were taken to insure 
that s ta t ic  electrical  discharge could not take place within the bag. Such 

discharge would be improbable since the humidity of the bag was maintained 
at or near 40 percent. 

, 

Previous studies on methods for pulverizing solid propellant resulted 
in limited and variable recoveries of organisms. The following techniques 
were evaluated in previous studies on solid propellant and found t o  be 
relatively ineffectual either in providing sufficient pulverization or in 
adversely affecting the organisms. These included the following techniques: 

1) 
2) 
3) 
4) 
5) 

thin slicing with a blade-type microtome 
drilling specimen propellant while submerged in culture media 
abrasion with a "s t ickle  back" rasp 
abrasion with various types of files 
homogenization in a Waring blender -type homogenizer 

The use of saws of varlous conformations showed advantages over a l l  
previously attempted methods of pulverization. The blade found mos t  service- 
able was determined to contain 18 teeth per inch?'. Several manufacturers 
provide such hacksaw blades Some, however, contain toxic coatings which 
interfere with gro Nth of microorganisms. A thermistor was attached t o  either 
the front one inch or the back one inch of the blade and a slow rate of sawinc 
was used. The rate of sawing was so  regulate? that an increase in temperatue 
of not more than LOG resulted. Because the temperature a t  the saw tooth 
propellant interface may be several degrees higher than that indicated by the 
thermistor, the rate of sawing was adjusted to minimize possible thermal 
inactivation of organisms 

*Blade No.  1218-3, Clemson Bros,, Tnc, 
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The propellant was removed from the  plastic container prior to placing 
it: in  the steri lant bag i n  order to facilitate surface sterilization of the pro- 
pellant. Following the previously described sterilization s tep  and the 
subsequent removal of the ethylene oxide from the bag, the propellant was 
scored to a depth of 2-4 mm. These cutttings were moved to a corner of the 
bag and sealed off. Previoas tests had indicated that the outermost cuttings 
of t h e  propellant were inhibitory to the growth of test organisms. The 
sampling a reas  of the propellant are shown in Figure 2 ,  An attempt was 
made to sample at a random depth including sites near and distant from the 
surface. Roughly equivalent quantities were sanpled  from each of the 
indicated a reas .  

Beta propiolactone in place of ethylene oxide was used in 100  percent 

humidity for a 3-hour exposure period to induce surface sterilization. Our 
experience thus far indicates it offers the following advantages: 

1) There is decreased permeation of steri lant through the 
interstices of the propellant. 

2) Due to an approximate 20 fold incrcase in kil l  rate over 
ethylene oxide, shorter t i m e  periods are required to  achieve 
surface sterilization. This also minimizes diffusion below the 
surface of the propellant. 

3) The t.3ndency for particles to agglomerate is decreased. 

The particle distribution of the sawed propellant is indicated in 
Figure 3. Microscopically in all s izes  of particles studied, innumerable 
fine cracks and checks were noted which likely have continuity with the 
interstices of even the largest  particles. The larger particles appeared to 
result by fusion of smaller particles. This fusion effect could not be reversed 
by treatment'with the Waring blender, sonication, or by treatment with wetting 
agents. Although Tween 80" was included in the culture media and did 

*polyoxyethylene%orbitan-monoaleate (Atlas Powder Co,) 
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Figure 2. Sampling Areas Used For Solid Propellant 
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provide superior recoveries (Figure 4), it does not appear that such 
recoveries were the result of inhibition of particle agglomeration. 

The propellant particles obtained by sawing were placed in a 5 m l  
beaker. The beaker when completely fi l led,  cmta ins  3.2 grams f 200 mg . 
The quantities of propellant used in the cul.ture studies consisted of multiples 
of 3.2 grams. 

C.. LEACHING OF PROPELLANT 

The propellant while in the sterilant bag was added to a screw cap  
bottle containing 1 2 0  ml  of distilled steri le water and a sterile Teflon coated 
magnetic stirring bar. The steri le screw cap ccantainers were placed on a 
magnetic stirrer for 1 5  minutes. The supernatant fluid was treated as 
indicated in Figure 5 ,  The redox potential of tk.e leached propellant and the 
supernatant fluid was measured and this potential was adjusted to that 
considered optimum for each microorganism cull ured. The pH was adjusted 

to 7 .2  - 7 * 4  using steri le 1/10 normal acid or base  except in the case  of 
JJlocladium the pT1 was adjusted to 4.0 - 4.5. 

The supernatant fluid was divided into three portions while in the 
steri le enclosure ,, One portion was centrifuged, stained with fluorescent 
dye,  and examined microscopically for the presence of organisms. The 
second and third portions were added to  culture media containing 1% Tween 80. 
The final volume of the leached supernatant fluid and culture medium was 
established by prior model experiments conside ring the inhibitory effect of 
the perchlorate fram the propellant on the gr0wb.h rate of the microorganism 
studied. 

The ratio by weight of propellant to  sterile distilled water which 
provided optimal recovery was determined to be 1: 10. In previous studies 
only the ability oE a large inoculum of organisms to grow in the presence of 
the various propellant ingredients was determi,ned. In the present study it 
was observed tha: concentrations of ammonium perchlorate a s  low as 0.5% 
interfered with the growth of some of the organisms. 

11 



hl 
4J c 2 
-d 
k 
a, a 
X w 

l I 

0 
a3 

N 

0 

1 2  

4 

0 



Propellant Particles 
l ly  6 . 4 2  . 2  Gm) 

1. Adjust pH 
2. Adjust Redox (cysteine) 
3. Stir 1 5  min. with magnitic stirrer 

Supernatant Fluid I 
collate .Brot 

C en tri f ug e 
)rl- S u p e rn a tan t (d i s card) 

Microscopic Examination 
After Staininc. With 
Flu ores cent 1) ye 

Figure 5. Summary Chart of Pulverization and Culture 
Methods 

Leached 

2 .  Trypticase Soy 

Culture 
1. Thioglycollate 
2 .  Trypticase Soy 

Broth 
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To the ves se l  containing the leached propellant an aliquot of 
cysteine was added to reduce the redox potential to the  desired level. 
This level was previously arrived a t  by model experiments utilizing a 
sample of propellant outside of the bag. This provided a method for 
adding the required amount of reductant to the vessel while in a sterile 
environment. 

In all cultural procedures routine controls were included for steri l i ty 
of the enclosure's environment, the sterility of the growth media, and to 
insure the capability of the growth media t o  support the growth of low 
levels of microorganisms. Usua!.ly the latter control contained 1 0  and/or 
1 0  
at 37OC. Additicnal cultures were maintained i l t  25OC €or Ulo.cladium, 

2 levels of org m i s m s  . The temperature of ir.cubation was maintained 
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111, EXPERIMENTAL RESULTS 

2 Recovery of test organisms was succes  ;ful a t  1 0  level of inoculum 
in all c a s e s  (Tables 1 - 6) 
epidermidis were recovered a t  1 0  

Several contaminating types of organisms were recovered a s  well as the 
organism used in the inoculum. 
to  show evidence of bacterial or fungal growth varied considerably. The 

4 cultures containing organisms at the 1.0 

of growth prior tc  growth appearing in 1 0  
1 0  prior to  1 0  

E. subtil is ,  Q. sporoqenes and Staph 
i n  the mixed inoculum (Table 6). I 

The t ime  requlred for any particular culture 

level consistently showed evidence 
3 anc growth-was observed a t  

3 2 

The organisms were identified by c lass ica l  bacteriologic methods 
in order to  verify that the growth observed in the culture vessels was due 
to  the inoculum. In some instances growth dui? to  the presence of contami- 
nants in the propellant grew more rapidly than the Inoculum. This was 
particularly true in some of the culture vessels containing the lowest level 
of inoculum, In some instances this made more difficult the task of 
recovery, and in some c a s e s  it may have obscured the recovery of the added 
microorganism. 

Selected media and selective conditions were used in  some experiments 
to inhibit the growth of contaminating organisms. These techniques were 
particularly usefill when attempting to isolate  -Ulocladium. 
this  fungal organism grows at a more rapid rate than many contaminating 

fungi, it does not grow as  rapidly as many strains of microorganisms. By 
reducing the  pH of the growth medium t o  4.0 - 4.5 and utilizing a low 
ionic strength medium, profuse growth of Ulocladium was consistently 

observed under conditions which strongly inhihited the  growth of contaminat Ing 
bacteria. 

Although 

Recovery of vegetative forms of a. a x o q e n e s  was poor in instances 
in  which no attempt was made t o  counteract the strong oxidants present in  
the propellant. Following the addition of an optimal quantity of reducing 
agent and adjustment of the growth medium to the ideal  redox potential 

15 



recovery of this organism was generally superior to recovery of any of 
the other inoculum tested.  

The leached supernatant fluid consistently contained not only micro- 
organisms used i n  the inoculum, but also contained variable quantities 
of contaminating microorganisms e Preliminary experiments have been 
carried out to determine the viability of these recovered organisms using 
other than cultural methods e Tetrazolium compounds in the presence 
of metabolically utilizable organic substrates lead in some instances to 
the  appearance of reduced dye on the outer suiface of microorganisms. 
Some of these organisms did not reduce the dye and therefore were likely 
either not viable or did not contain the enzymes which.could be detected 
by the use  of this dye. These experiments are a t  an  early s tage of study 
and do not represent a finalized experimental method, 

16 



0 u 
2 

I I  I 1  I <-Y 
0 0  

---.- 

I 

17 





r_( 

0 
3 

u 
3.1 
.P 4 
d 
4 
k a, 
.P 
m 

19 



20 



<-Y 
0 0  

u 
0 



22 



TV, DTSCUSSION 

4 3  Low levels. of microorganisms 1 O2 - 1 0  / cm intentionally inoculated 
into solid propel!ants map be successfully detected by culture methods. 
The pulyerization of the propellant by sawing has  proven most useful in 
our studies 

consistently give superior results to those obtained previously using 
other methods. Intermittent stirring with a magnetic stirrer aided the 
maintenance oi aeratin and a lso  likely exposes new surfaces containing 
organisms. 

The pulverized samples obtained using this technique 

Tnhibitorl? substances were present in t h e  propellant which interfered 
with the growth of a l l  strains of microorganisms tes ted.  It was essent ia l  
that  these inhibitory substances be removed from the solid propellant 
particles by leaching. One of the inhibitors p:-esent in dilute form in the 
leached fluid is ammonium perchlorate. The perchlorate may be reduced 
chemically by'treatment with dilute strong reducing agents. The use  of 
such agents had led to  better recovery of microorganisms from both the 
leaching fluid and the pulverized propellant. The control of the reduction- 
oxidation potential of the growth medium may be as  important a s  control of 
pH in the recovery of small numbers of microbrganisms using culturing 
methods. Other inhibitory or potentially inhibitory substances include 
phenyl-beta napthylamine I 1 , 1 , l-trimethyl Fropane , ferric acetylacetonate, 
and 2 4-toluene diisocyanate which are all constituents of solid propellants . 
In the present s t i d y  there were no attempts to  discern the order or magnitude 
of inhibition inducible by these substances,  h3wever, it is obvious that 
such experiments should be performed a 

The use  of fluorescent dyes in detecting the presence of organisms 
in  the leached supernatant shows promise. T h i s  method is somewhat 
deficient in that there is no  means of determintng viability of organisms 
visualized with this technique. 
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Preliminary experiments with tetrazolium compounds and oxidizable 
organic substrates have proven promising. It has  been possible t o  detect  
the presence of reduced dye on the surface of organisms leached from 
propellant and it is probable that this method will be extremely useful in 
propellant sterilization studies.  

In a large percentage of the samples of propellant studied we have 
isolated microorganisms which were not present in the inoculum and which 
apparently represent JPL environmental contamination, This is to be 
expected s ince  in the course of Task TIT investigations, no attempt has 
been made to provide the propellant in  a s ta te  of steri l i ty a t  the t i m e  the 
inoculum was in =orPorated into it. 
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V, SUMMARY AND RECOMMENDATIONS 

In the course of the studies conducted in Task IT1 of this program, we 
have detected mlcroorganisrns in inoculated sclid propellant a t  a l l  levels 
studied ( l o 2 ,  l o 3 ,  1 0  ) and in some instances at 1 0  /cm e The presence 
of contaminating microorganisms in a high percentage of the propellant 
samples indicates that  a s  future studies progress, preliminary s teps  may 
have to be taken to reduce the population of non-inoculated organisms. 
We have found that through the use  of a n  improved means of pulverizing 
the propellant, control of pH, neutralization of toxic substances 
ment of redox po:ential it has  been possible tc materially improve detection 
of small numbers of organisms by culture. T1ic:re are indicated areas  of 
further improving the efficiency of culturing techniques for recovery of 
organisms from propellant. These include a more detailed study of the 
effects of certain constituents of the propellart on the test microorganisms 

4 1 3  

and adjus;:- 

determination of optimum pH , and optimum cor?ditions of electrostatic 
repulsion between propellant fragments and mizroorganis m s  . 

The additiori of neutralizers to  growth media should be investigated. 
These neutralizers may reduce or reverse the. effect of the constituents of 
the propellant on the microorganisms. This approach has been found to  be 
useful in studies on the recovery of microorganisms previously exposed to  
hexachlorophene , organo-metallic compounds and quaternary ammonia 
compounds. Such neutralizers t o  counteract c x s t i t u e n t s  of propellant 
may be incorporated into the growth media. 

It is a l so  possible that an  excess  of one or more growth factors may 
be required for the recovery of microorganisms inhibited by propellant 
consti tuents.  The effect of an excess of such growth factors on growth 
should be s ysteniatically investigated . Two additional factors are important 
in the recovery c.f organisms from propellant .’ These include 1) the incorpora- 
tion of high buffcir capacity for organisms which produce organic acid and 
whose growth is inhibited by these ac idsc  and 2) media of low ionic strength 
f o r  the detectiop of contaminating organisms which are adversely affected 

. .  . .  . .  I.. . by ionic strength; 
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T t  is apparent that with optimization of cultural techniques and the 
supplementation of other ancillary techniques that recoveries may be 
extended to  less than 1 organism/cm . The effects of the solid on the 
microorganism and/or the effects of pulverizing the solid material may 
preclude isolation of viable microoryanis m s  blr cultural methods. However, 
the enzymic activit ies of potentially viable organisms could provide a 
sensit ive means of showing the presence o i  organisms which may still 
be in the living state. The physical and chemical conditions which induce 

steri l i ty usually will destroy enzymic systems within the cell. For 
example, treatment with heat in sufficient quc.ntity t o  cause sterilization 
will a l so  cause  denaturation of the protein motety of the enzymes- Similarly, 
heavy metals 
sterilization and enzyme destruction * 
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formaldehyde, phenol and similar agents cause  concurrent 

. .  . 
One broad category of enzymic ractions which may be sufficiently 

sensit ive include those vh ich cause  reduction of tetrazolium. The various 
substituted tetrazolium sa l t s  are characterized by water solubility and lack 
of visible color fn the oxidized s t a t e  and lack of water solubility and the 
development of intense color in the reduced s ta te ,  Depending upon the 
nature of the substituents on the tetrazolium the color of the reduced dye 
may range from red to blue. Because of the change in phase of the reduced 
dye, it is possible to concentrate the dye following a prolonged exposure 
to the material containing organisms or organism fragments. An immiscible 
solvent could be added to  the aqueous phase in s m a l l  quantity to  dissolve 
the  reduced dye m d  at the same t i m e  concentr3te it for photometric measure- 
ment if desired. Alternatively it would be possible with the light microscope 
to examine the particles produced by pulverization of the solid after incu- 
bation with the oxidizable organic substrate and the tetrazolium. Tn this 
case the organisms and the organism fragments would be characterist ically 
stained whereas the devitalized or nonviable crganisms lacking the 
enzymic activities would not be stained by the  dye. 

. .  



Other enzyme as says  which may be utilized for the detection of 
potentially viable organisms include cytochrome oxidase (using para- 
phenylene diamine which is converted to an intense purple color in the 
reduced state) , 3eroxidase and the reduction of NAD (nicotinamide 
adenine dinucleotide) . The latter substances have a characteristic 
spectrum in the ,reduced s ta te  in the ultraviolet, but can a l so  be measured 
more sensit ively with fluorescence. 

Solids can be treated with a fluorescent s ta in  which will adhere 
strongly to all cell walls of microorganisms and may be so  selected t o  
fluoresce in  a different region of the spectrum from the fluorescence 
(when present) characteristic of the solid itse'.f. Some of this work has  
been reported in this task,  
will show intensely and can be eas i ly  detected by scanning methods using 
the fluorescence microscope. The principal areas that will require study 
include the suppression of interfering auto-fluorescent substances in 
certain solids arid possibly the requirement for removing or destroying 
quenching s u b s t m c e s  in the mixture. 

Fragments of a l l  cell walls of microorganisms 

* :  . 
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